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Abstract
Motivated by the need to overcome several inherent electrical interconnect performance limitations, a recent
research thrust aimed at developing an optoelectronic very large scale integration (OE-VLSI) platform has
yielded the "Epi-on-Electronics" (EoE) monolithic integration technology. This technology allows the inte-
gration of III-V heterostructures and commercial GaAs very large scale integrated (VLSI) metal-semicon-
ductor field effect transistor (MESFET) circuits. These VLSI chips, commercially manufactured by Vitesse
Semiconductor Co., have been found to withstand extended temperature cycles of up to approximately
470"C for up to 5 hours without significant degradation of the electronic performance. This time/temperature
range is similar to that encountered during the growth of III-V heterostructure light emitting diodes (LEDs)
and laser diodes by molecular beam epitaxy (MBE).
A substrate temperature of less than 600'C is not optimal for the conventional growth of AlGaAs-containing
LEDs and lasers. However, high performance lasers utilizing InGaP (In0.49Gao.51P is lattice matched to
GaAs) as the wide bandgap material have been realized by a number of groups. Since phosphorus-contain-
ing III-V compound semiconductors are nominally grown by gas source MBE below 500'C, optical devices
based on this material system are ideal candidates for EoE optoelectronic integrated circuits (OEICs). This
thesis investigates EoE compatible, high quality LEDs and lasers based on the InGaAsP material system.
Strained InGaAs/GaAs/InGaP quantum well separate confinement heterostructure lasers having pulsed
room temperature broad-area threshold current densities of 200 A/cm 2 have been fabricated. Characteriza-
tion of GaAs/InGaP LED material heterostructures shows substantial improvement in efficiency over similar
GaAs/AlGaAs heterostructures. The aforementioned structures were grown at a constant substrate tempera-
ture of 470'C on bulk GaAs.
This thesis also addresses two EoE technology challenges. A robust procedure has been developed for the
preparation of dielectric growth windows (DGWs) on integrated circuits intended for growth. Also, the nor-
mal MBE practice of briefly elevating the substrate temperature to 580*C to desorb the native GaAs oxide
prior to MBE growth results in damage to upper-level metal interconnects. Preliminary investigation of a
low temperature native oxide removal technique utilizing hydrogen plasma is reported.
The results of this thesis--reliable DGW preparation, low temperature native GaAs oxide removal, and EoE
compatible growth of high quality LEDs and laser diodes--represent a significant refinement of the EoE inte-
gration technique for the fabrication of high performance OEICs.
Thesis Supervisor: Clifton G. Fonstad, Jr.
Title: Professor of Electrical Engineering
Thesis Supervisor: Leslie A. Kolodziejski
Title: Associate Professor of Electrical Engineering

Acknowledgments
With complete sincerity and for reasons too numerous to list, I thank God.
I must acknowledge my parents; whatever success I have had is a tribute to their long
years of struggle and personal sacrifice. And my wife, Kaveri, who makes everything
worthwhile. I would like to thank my brother, sister, and brother-in-law for their thoughts
and support over the past few years.
I consider myself very fortunate to have Professor Fonstad and Professor Kolodziejski
as my advisors. I am honored to have their trust in pursuing my graduate education.
I am greatly indebted to Dr. Gale Petrich for his patient efforts in teaching me the art of
MBE.
Nearly everything else I've learned is thanks to Krishna Shenoy. Thank you, Krishna,
for your tireless and conscientious efforts.
To everyone in the Fonstad and Kolodziejski research groups, both past and present,
and to my friends the neighboring groups, I owe my appreciation for their direct and indi-
rect help in the completion of this project. In particular, I thank Jody House for the PL
experiments she carried out my behalf. Also, I am grateful to Dr. Paul Gavrilovic of
Polaroid Corporation for the use of his facilities and expertise.
The preparation of this document has been a trying experience. It would not have been
possible without the generous assistance of Rajni Aggarwal.

Table of Contents
1 Introduction 17
1.1 Motivation for Optical Interconnects............... ................. 17
1.2 Optoelectronic Very Large Scale Integration (OE-VLSI) ................ 18
1.3 Epi-On-Electronics (EoE) ....................................... 20
1.4 Thesis Overview ............................................... 22
2 Epi-on-Electronics OE-VLSI and Phosphides 25
2.1 Thermal Stability of GaAs MESFET ICs ............................ 25
2.2 AlGaAs-Based Laser Diodes ...................................... 30
2.3 AlGaAs and InGaP ............................................. 33
2.4 Phosphide-based Laser Diodes .................................... 36
2.5 Device Objectives .......... ............................. 41
3 Dielectric Growth Window Preparation 43
3.1 Original Preparation Method ...................................... 43
3.2 Revised Preparation Method .................................... . 49
4 Low Temperature Oxide Removal 53
4.1 Background: Thermal Desorption of GaAs Native Oxide ............... 53
4.2 Background: Removal of GaAs Oxide by Atomic Hydrogen ............. .54
4.3 Implementation ................................................ 56
4.4 Results ....................................................... 58
4.5 Discussion .................................................... 68
4.6 Further Investigation .................................... ..... 70
5 Epi-on-Electronics Compatible Material Growth 71
5.1 Growth Procedures .............................................. 71
5.2 Material Quality ........... .......................... 73
6 Light Emitting Diodes 79
6.1 Background ......................... ........... .............. 79
6.2 Results ....................................................... 82
6.3 Discussion ............................ .... ................. 90
7 Laser Diodes 93
7.1 Introduction ................. ................................. 93
7.2 Results ................................................. .... 94
7.3 Discussion ................................................... 100
8 Conclusion 101
8.1 Summary ..................................... .............. 101
8.2 Further Investigation ..................................... ..... 103
Appendix A Molecular Beam Epitaxy 105
A. 1 The GSMBE System ........................................... 105
A.2 Ultrahigh Vacuum Environment: Monolayer Control .................. 105
A.3 Crystal Growth ................................................ 108
A.4 Reflection High Energy Electron Diffraction (RHEED) ................ 112
Appendix B Laser Diode Theory 115
B. 1 Basic Laser Operation .......................................... 115
B.2 Broad Area Laser Diodes ........................................ 118
B.3 The Separate Confinement Heterostructure ........................ 120
Appendix C Device Characterization 127
C.1 LED Characterization ...................................... 127
C.2 Pulsed Laser Characterization .................................... 128
Appendix D Vitesse Semiconductor HGaAs3 E/D MESFET Process 131
Bibliography 137
List of Figures
Figure 1.1: Major steps in the Epi-on-Electronics process. (a) Chips are returned from Vit-
esse with foundry opened epitaxy windows to the GaAs substrate. (b) Following growth,
single crystal material is found in the windows while the rest of the chip is covered with
polycrystalline deposits. (c) The polycrystalline material is etched off and optoelectronic
devices are fabricated. These devices are connected to the electronics by running metal
lines to bond pads on the surface .......................................... 21
Figure 2.1: Interconnect sheet resistance after 5 hour thermal cycles [18] ........... 26
Figure 2.2: Theoretical and measured metal 1 sheet resistance thermal cycle responce. The
Arrhenius based model indicates an activation energy of 3.5 eV [18] .............. 27
Figure 2.3: Ohmic contact resistance after 5 hour thermal cycles for MESFET sources and
large and small TLM structures. The inset gives the 2000 W-mm critical temperature and
metal 1 via spacing for each ohmic contact structure. [18] ............... .... 28
Figure 2.4: Theoretical and measured metal 1-ohmic metal-implant contact resistance ther-
mal cycle response. The Arrhenius based model indicates an activation energy of 2.5 eV to
2.8eV [17] ................. ......................................... 29
Figure 2.5: Strained InGaAs QW-GRINSCH laser structure used by Williams, et al. to at-
tain the low room temperature pulsed broad-area threshold current of 56 A/cm2. The Al-
GaAs layers are grown at 700"C while the GaAs and InGaAs are grown at 5650C; the
temperature is ramped without growth interruption. The structure is grown on an n-type
substrate........................ ........ ................................... 31
Figure 2.6: Strained InGaAs/GaAs/AlGaAs QW-SCH laser structure used by Shenoy, et
al., in original EoE work. This structure is optimized for low temperature growth. The re-
sulting broad area room temperature pulsed threshold current density is 1800 A/cm2 [5]..
32
Figure 2.7: Catastrophic optical damage is a consequence of facet oxidation. Incorporated
oxygen results in nonradiative recombination which produces local heating of the facet. A
positive feedback loop is formed when the rise in temperature causes bandgap reduction.
This increases the light absorbtion near the facet, which increases the aluminium oxidation
reaction by breaking aluminium bonds [26] .................................. 35
Figure 2.8: InGaAs/GaAs/InGaP QW-SCH used in [38,39]. The GaAs and InGaAs were
grown at 590" C and the InGaP at 500"C; after growth, a rapid thermal anneal of 9000C for
1 s was used to improve threshold current. For broad area devices, the pulsed room temper-
ature threshold current was 72 A/cm 2, and the characteristic temperature was approximate-
ly 130 0K .............................................................. 37
Figure 2.9: Optimized InGaAs/InGaAsP/InGaP high power 3QW-SCH [48,49]. The In-
GaAsP core layers have Eg= 1.57 eV. Using GSMBE, the InGaP and InGaAsP were grown
at 500'C by GSMBE; the GaAs at 590"C, and the InGaAs at 515 0C. The broad area room
temperature pulsed threshold current was 150 A/cm2. For ridge waveguide devices, the
characteristic temperature was around 150"K under pulsed operation. .............. 39
Figure 2.10: Comparison of various SCH cores in terms of the resulting characteristic tem-
perature, To, of ridge waveguide lasers [51]. MOCVD was used to grow InGaAsP, lattice
matched to GaAs, with the indicated bandgaps. (a) is in agreement with the previously
shown QW-SCH result. In (b), To improves due to the current funneling and resistance low-
ering effects of the grading. The most significant improvement, however, is from simply
increasing the quantum barrier, as seen in (c). The small improvement between (c) and (d)
indicates that step grading, as in (b) and (c), is adequate to reduce series resistance, and the
growth complications associated with continuous composition grading can be avoided. A
broad area laser based on (c) had room temperature pulsed threshold current of 220 A/cm 2;
this relatively high value is attributed to the low optical confinement of the GRIN-SCH
structure [50] ........................................................... 40
Figure 3.1: Dielectric Growth Window (DGW) cut in dielectric/metallization stack with
CF 4/O02 RIE. The GaAs at the bottom of the DGW is covered with a mixture of fluorinated
hydrocarbons and dielectric fragments produced by the etch .................. ... 44
Figure 3.2: Nomarski micrographs of DGWs (a) 50X, note nonuniformity of residue be-
tween different DGWs (b) 1000X .......................................... 44
Figure 3.3: 1000X Nomarski micrographs of AlGaAs based LED material (a) on bulk
GaAs wafer and (b) in a DGW. The DGW was prepared using a gentle CF4/0 2 RIE fol-
lowed by wet etching in BOE. The material in (a) is very smooth. Slight roughness is seen
in (b), but this did not effect LED performance................................. 45
Figure 3.4: 50X Nomarski micrographs of DGWs after 1 hour in ozone and 3 hours in 02
plasma. Some DGWs are free of black residue (but display surface morphology) while oth-
ers are heavily coated with black residue .................................... 46
Figure 3.5: Nomarski micrographs of DGWs after cleaning with 02 plasma and BOE. All
residue is removed, but GaAs substrate has a rough morphology. (a) 50X, (b) 1000X. . 48
Figure 3.6: 1000X Nomarski micrographs of InGaP based LED material (a) on a bulk GaAs
wafer and (b) in a DGW. The DGW was prepared 02 plasma and BOE etching. The mate-
rial in (a) is very smooth, while (b) quite rough ............................... 48
Figure 3.7: Proposed process for DGW preparation. (a) Chips arrive from Vitesse with the
DGWs only partially etched. (b) 02 plasma is used to remove any organic residues. A layer
of dielectric is applied to protect the bond pads in post growth processing. Photoresist is
patterned to expose the DGWs. (c) CF4/0 2 is used to thin the dielectric remaining in the
DGW if necessary. BOE removes the last thin layer of dielectric to expose a clean, smooth
GaAs surface................... ........................................ 50
Figure 3.8: 1000X Nomarski micrograph of DGW prepared with the revised method: the
Vitesse etch was stopped short of GaAs substrate and remaining dielectric was removed
with BOE. Only the bottom portion of the DGW is ion implanted. Both regions are perfect-
ly clean and smooth. The boundary line is due to a depression of approximately 15 nm on
the implanted region. .................. .............................. . 51
Figure 4.1: Thermal desorption of GaAs native oxide. The oxide layer is composed of
As20 x (x=1, 3, 5), Ga20, and Ga20 3. (a) Elimination of the arsenic oxides occurs at 390"C.
In this step, additional gallium oxides are formed using oxygen from the arsenic oxides
while the arsenic is desorbed as molecular As 2 or As4. (b) At 475"C the Ga20 desorbs from
the surface leaving only Ga20 3. (c) Finally, above 500*C a reaction between the Ga20 3 and
GaAs produces Ga20 and molecular arsenic which are desorbed [54]............... 54
Figure 4.2: Photoluminescence of ZnSe grown on GaAs. The sample in (a) used a hydrogen
plasma for oxide removal, while in (b) the sample was grown on an epitaxial GaAs buffer
layer (the highest quality starting surface possible). In both cases, the ratio of the intensity
peaks of the free (Ex) and donor-bound (I2) excitonic transitions, and the lack of a defect
band, indicate that the quality of the starting surface allowed the growth high optical quality
m aterial [76]............................................................ 58
Figure 4.3: Diffuse RHEED pattern of oxide covered GaAs.. .............. .. 59
Figure 4.4: RHEED patterns from R195 H plasma trial. (a) are after 35 min. exposure. (b)
are after 57 min. exposure ................................................ 60
Figure 4.5: (a) DCXRD from R195: LED structure grown on H plasma prepared GaAs. The
material is of very low quality. (b)10 K PL from R195. Lack of emission from the GaAs
core confirms poor material quality. PL was generated with a He:Ne pump laser, which is
seen at the far right of the spectrum ......................................... 61
Figure 4.6: RHEED patterns from R196 H plasma trial after 17 min. exposure........ 62
Figure 4.7: RHEED patterns from R196 H plasma trial. (a) After sample is transferred to
III-V chamber and substrate temperature is raised to 470"C under As overpressure. (b)
Shortly after nucleation of InGaP, a 2-fold reconstruction is visible. (c) During a growth
interruption following 2.3 gm of InGaP. (d) GaAs cap layer after completion of entire 3.7
tm LED structure ...................................................... 63
Figure 4.8: (a) DCXRD from R196: LED structure grown on H plasma prepared GaAs. The
epitaxial GaAs and InGaP peak widths are only slightly wider than the bulk GaAs, indicat-
ing reasonably high material quality. (b) 10 K PL from R196. Optical emission from the
GaAs core confirms good material quality. PL was generated with a He:Ne pump laser; this
line appears at the far right ................................................. 64
Figure 4.9: (a) DCXRD from R252: LED structure grown on H plasma prepared GaAs. (b)
DCXRD from R254: Approximately 0.25 mm of InGaP on H plasma prepared GaAs. Both
films contain an extremely high density of dislocations ......................... 65
Figure 4.10: RHEED patterns from R254 H plasma trial after 16 min. exposure....... 65
Figure 4.11: RHEED patterns from R254 H plasma trial. (a) In the III-V chamber at 300"C
under As overpressure. (b) After increasing substrate temperature to 470"C. (C) After 15
min of InGaP growth .................................................... 66
Figure 4.12: 1000X Nomarski micrograph of R254 surface. After H plasma oxide removal,
0.25 mm InGaP was grown...................................... ......... 66
Figure 5.1: DCXRD curve for R245. The near overlap of the InGaP and GaAs peaks means
that the material are almost exactly lattice matched. The roughly 50 arc-sec FWHM of the
InGaP peak is comparable to that of the combined GaAs core and substrate peak...... 74
Figure 5.2: 10 K PL of R245 LED heterostructure. A FWHM of 5 meV for the GaAs peak
indicates that high optical quality GaAs can be grown at 470"C. A He:Ne pump laser was
used to excite the sample, and can be seen at the far right of the spectrum. .......... 75
Figure 5.3: DCXRD curve for R161: 69 A In0.3Ga0.7As/GaAs quantum well grown at
470 oC. The interference fringes to the side of the GaAs and InGaAs peaks indicate the for-
mation of abrupt InGaAs/GaAs interfaces....................................... 76
Figure 5.4: 300 K PL of a compressively strained In0.3Ga0.7As/GaAs 69 A quantum well
grown at 470'C (R161). The FWHM of around 50 meV for the dominant peaks is consis-
tent with thermal broadening. The indicated quantum well transitions are in agreement with
theoretical energy level calculations. The sample was excited by an Ar+ pump laser. .. 77
Figure 6.1: Layout of LED device structures fabricated from a GaAs/AlGaAs double het-
erostructure on a Vitesse IC. LEDs 1 through 6 on the left hand side of the upper row were
tested. A mesa trench defines a 30 gm square mesa. The contact size and distance from the
mesa edge of each of the annealed Au/Zn ohmic contacts is tabulated in Table 6.1 [80]..
80
Figure 6.2: Output power efficiency for fully processed, integrated GaAs/AlGaAs LEDs.
The device geometries for each led are pictured in Figure 6.1 [80]. ................ 81
Figure 6.3: LED heterostructures of samples used for broad area LED study. Rnnn are In-
GaP based material grown by GSMBE. R196 was grown on a hydrogen plasma prepared
substrate. 6042 is an AlGaAs based sample grown by solid source MBE [80]. The super-
lattice is 10 periods of 25 A GaAs/ 25 A Al0.3Gao.7As .......................... 83
Figure 6.4: Electroluminescence spectrum of GaAs/InGaP DH device, R167. The spectrum
is characteristic of the InGaP based LEDs..................................... 84
Figure 6.5: Current - Voltage response of the 500 gpm diameter broad area LEDs tested.
Large series resistances results in high turn on voltages ......................... 86
Figure 6.6: Logarithmic I-V curve for the broad area LEDs tested. A kink in these curves
indicates the transition point from nonradiative to radiative dominated recombination.
High, inconsistent series resistance, and significant heating makes the determination of
kink points dubious ..................................................... 87
Figure 6.7: Light output power vs. current for the broad are LEDs tested. The curves are
superlinear at very low currents, and become linear as the radiative recombination current
component dominates ................................................... 88
Figure 6.8: Efficiency vs. logarithmic current for the broad area LEDs tested......... 89
Figure 7.1: Strained InGaAs/GaAs/InGaP single quantum well separate confinement het-
erostructure (QW-SCH) used in this work..................................... 93
Figure 7.2: DCXRD for the strained InGaAs/GaAs/InGaP QW-SCH laser heterostructure
studied. The InGaP peak is just over 900 arc-sec to the compressive side of GaAs. The
DCXRD simulation corresponds to 53.3% In composition, as opposed to the target value
of 49%................................ ..... ......................... 95
Figure 7.3: 10 K PL of strained InGaAs/GaAs/InGaP QW-SCH laser heterostructure. (a)
shows strong emission and narrow line width from the quantum well. (b) shows emission
from the GaAs core and doped InGaP claddings. The position of the InGaP peak is below
the nominal value of 2 eV for lattice matched InGaP, in agreement with DCXRD results
indicating excess In composition. A He:Ne pump laser was used in the measurement, and
is visible at the far right of the spectrum in (b) ................................ 96
Figure 7.4: 300 K EL of strained InGaAs/GaAs/InGaP QW-SCH. The FWHM is around
50 meV, consistent with thermal broadening. The peak in energy at 1.25 eV corresponds to
emission at 0.99 pm, rather than the target value of 0.98 pm. .................. .. 98
Figure 7.5: Pulsed room temperature light output power vs. input current density for
strained InGaAs/GaAs/InGaP QW-SCH broad area lasers. Ohmic contact stripes were
made with non-annealed Cr/Au or Ti/Au metallization. Cavities of various lengths were
tested. A low threshold current density of 200 A/cm 2 was attained with a 792 gtm long Cr/
Au contacted device. A 284 pm Ti/Au contacted device output over 80 mW without fail-
ure........................................................99
Figure A. 1: The III-V GSMBE reactor used in this thesis is part of an integrated III-V/II-
VI epitaxy system. The III-VI reactor is connected, in situ., to another GSMBE chamber
equipped to grow II-VI compound semiconductors. The II-VI chamber also contains the
hydrogen plasma source used to investigate low temperature oxide removal. Figure A.2 de-
tails the III-V reactor ................................................... 106
Figure A.2: Molecular beam epitaxy (MBE) chamber. Figure from [87]............ 107
Figure A.3: Vapor pressure as a function of temperature for group-III (Ga, In, Al), and
group-V (As, P) elements used in some III-V compound semiconductors. Also shown is the
data for the group-IV element Si, which is an n-type dopant in III-V semiconductors.. 110
Figure B. 1: A prototypical laser. An optical cavity is formed by two partially reflecting mir-
rors, with field reflection coefficients R1 and R2, sandwiching a medium with power loss
aint. A portion of the medium is externally pumped to produce optical power gain g. A
standing wave is produced by the superposition of backward and forward propagation
waves............................................................... 116
Figure B.2: Broad area laser diode based on InGaAs/GaAs/InGaP quantum well separate
confinement heterostructure (QW-SCH). Following growth of the device structure, a broad
ohmic contact stripe is photolithographically patterned. The substrate is thinned by lapping
and a back side ohmic contact is made ...................................... 119
Figure B.3: Ideal laser diode light vs. current density (L-I) curve. For J<Jth, spontaneous
emission is produced; this is an inefficient process. Above threshold (J>Jth) the device lases
and coherent light is generated with a slope efficiency of lext. ................... 120
Figure B.4: Optical and electrical operation of QW-SCH. The variation of the material in-
dex of refraction, n, throughout the SCH is shown in (a). The high refractive index GaAs
core and low index InGaP claddings form a dielectric slab waveguide to confine the optical
mode. (b) shows the conduction and valence band profiles. The quantum well confines in-
jected carriers where they recombine by stimulated emission.. ................... 121
Figure C.1: Measurement setup for broad area LED characterization. The sample, with
back side ohmic metal, sits on the probe station stage, which makes the n-side contact to
the diode. The surface of the sample is metallized with 500 mm diameter spots which are
probed by a specially angled probe tip. The head of an optical power meter is place around
4 mm from the sample. An HP 4145 parameter analyzer, connected to a computer, controls
the voltage applied and monitors the current between the probe tip and stage. The output of
the power meter is also controlled by the HP 4145 ............................ 127
Figure C.2: Pulsed broad area laser test setup. A broad probe tip contacts the stripe (diode
p-contact) of the laser. The n-type connection is made through the stage. A power meter is
used to collect the emission .............................................. 128
Figure C.3: Circuit used to protect laser diode from reverse bias and to monitor its terminal
current . ................. ............................................ 129
Figure D.1: HGaAs3 Process Flow Schematic through Metal 1 [17] .............. 133
List of Tables
Table 2.1: Upper bound on interface recombination velocity [23]. ................ 34
Table 4.1: H-Plasma Parameters for R195 .................................. 59
Table 4.2: H-Plasma Parameters for R196 .................................. 61
Table 4.3: H-Plasma Parameters for R252.................................. 63
Table 4.4: H-Plasma Parameters for R254 .................................. 65
Table 4.5: H-Plasma Parameters for R261 .................................. 67
Table 4.6: AES results R261 after H plasma oxide removal ................... 67
Table 6.1: EoE integrated GaAs/AlGaAs LED device dimensions and operating character-
istics. The device layout is shown in Figure 6.1. The devices are being operated at 1 mA
[80] ................................................................... 80
Table 6.2: Broad area LED efficiencies at 0.1 A drive current ................... 90
Table A.1: Typical effusion cell operating temperatures and corresponding beam equiva-
lent pressures [56] .................................................... 109
Table D.1: Vitesse HGaAs3 Fabrication Sequence [17] ...................... 132
Table D.2: HGaAs3 Dielectric and Metal Layer Deposition Characteristics [17] .... 135

Chapter 1
Introduction
1.1 Motivation for Optical Interconnects
Great advances in the scaling of electronic devices have brought integrated circuit tech-
nology to the point where electrical interconnect throughput is the primary limitation to
overall system performance rather that transistor switching speed [1,2]. As clock fre-
quency, the primarily gauge of processing speed, reaches the 100 MHz to 1 GHz range,
circuit parasitics and distributed wave phenomenon must be addressed. The design costs
associated with overcoming the limitations of electrical interconnects are measured in
terms of engineering resources and time-to-market. In a competitive technology market,
these growing costs are intolerable. While sophisticated design methodology can continue
to push conventional interconnect technology to meet incrementally higher performance
requirements in the foreseeable future, it is likely that substantial performance improve-
ments will not be possible without directly addressing the interconnect bottleneck. Optical
interconnect technology, used in conjunction with conventional electronics, is a solution
to these technological and economic problems.
A number of the important limitations of conventional inter- and intra-chip electrical
interconnects can be identified.
* Electromigration: Careful design of multilevel metallization is required to control
electromigration-induced failure of metal interconnects in current VLSI technol-
ogy [3]. This failure mechanism will be even more pronounced at the higher cur-
rent densities needed to increase clock speed. It is uncertain if process
advancements will allow this increase in clock speed [4].
* Distributed circuit effects: As switching speeds increase, finite wave propagation
effects must be accounted for in interconnect design; interconnects must be treated
as transmission lines and must be appropriately terminated. Such impedance
matching not only increases interconnect complexity, but results in an appreciable
power increase.
* Signal skew: At high frequencies, the propagation delay from point to point is
influenced by the parasitic capacitances of structures adjacent to the line, so con-
trol of signal skew, as in clock distribution, becomes a major effort [4].
* Crosstalk: Capacitive coupling of finely spaced lines increases with frequency,
resulting in significant crosstalk between them [4].
* Electromagnetic interference: If an application involves both microwave and
high speed digital circuitry, as in portable communication applications, reception
and radiation of electromagnetic interference by the interconnect lines becomes a
problem. Assuming adequate electromagnetic isolation is practical, a tremendous
effort is still required to design it.
* Massively parallel connectivity: In applications where massively parallel inter-
connects are required, such as supercomputer or neural network architectures,
electrical interconnects are impractical due to the rigid restrictions that must be
placed on wire routing in order to retain manufacturability. Optical signals, on the
other hand, can be intersected or transmitted through free space.
Optical interconnect technology provides solutions to these problems.
1.2 Optoelectronic Very Large Scale Integration (OE-VLSI)
The components in an optical interconnect system include optical emitters, detectors, light
propagation media, and modulators. The emitter may be a light emitting diode (LED) or
laser diode. Possible photodetectors include the metal-semiconductor-metal photodetector
(MSM), PIN photodetector, optical field effect transistor (OPFET), and others. The optical
signals may propagate in free space or through a waveguide structure, such as an optical
fiber or planar waveguide. Modulation of optical signals may be desired surface-normal or
in-plane. In all cases, optoelectronic devices must be tightly coupled to very high density
electronics. How these components may best be used in an actual application is a question
that will only be answered by the demonstration of real optoelectronic integrated circuits
(OEICs). An OEIC platform that is flexible enough to include many types of architectures,
sophisticated enough to allow the advantages of optical interconnects to be measured, and
practical enough to be realized in the short term must be developed.
The combination of large numbers of optoelectronic devices with high density elec-
tronics is termed OE-VLSI (OptoElectronic-Very Large Scale Integration). There are two
distinct approaches to integration: hybrid and monolithic. Hybrid integration combines
discrete optoelectronic devices with VLSI components on a multi-chip module. The
inability to intermix a large number of such optical devices with the electronics, and the
increased capacitance and inductance of off-chip routing of electrical signals, results in
density, power, and speed limitations. This renders hybrid integration a short term solution
for many applications.
In monolithic integration, both electronics and optoelectronics are contained on the
same substrate. This may be accomplished by using an epitaxial lift-off technique wherein
electronics and optoelectronics are fabricated on separate substrates which are then fused.
However, manufacturing difficulties limit the yield of high density/high area systems.
A fully integrated and monolithic approach is to grow the necessary epitaxial layers
for both the optoelectronics and the electronics on the same substrate and then process
individual devices from the appropriate layers. Implementation of this technique, how-
ever, would require the development of many new fabrication processes to address unifor-
mity and manufacturing issues.
An "electronics-first" approach, where chips based on a mature electronics technology
are used as substrates on which optoelectronic devices are grown, provides a fully mono-
lithic integrated solution that can be implemented with minimal new process development.
By adding optoelectronics to a mature electronics technology, the integration process is
reduced to that of conventional optoelectronic device fabrication.
On what electronics technology should electronics-first OE-VLSI be built? A desir-
able choice is silicon complementary metal-oxide-semiconductor (CMOS) technology
due to its low cost and great accessibility. However, numerous attempts to grow com-
pound semiconductors on silicon substrates have met with little success due to the large
mismatch in lattice constant and thermal expansion coefficient. Compound semiconductor
substrates are required for compatibility with III-V optical devices. GaAs or InP hetero-
junction bipolar transistor (HBT) electronics require complicated fabrication processes
and large device sizes that are not suitable for scaling to next-generation integration levels.
VLSI level circuits based on GaAs metal-semiconductor field effect transistor (MESFET)
technology are commercially available from Vitesse Semiconductor, Inc., and Motorola,
Inc. Utilizing fabrication processes very similar to silicon CMOS, this technology will
scale to ultra large scale integration (ULSI) levels.
1.3 Epi-On-Electronics (EoE)
An OE-VLSI technology based on the electronics-first approach using GaAs MESFET
electronics has been demonstrated [5,6,7,8,9]; it is referred to as Epi-on-Electronics
(EoE). In this technique, the electronic portion of the OEIC is designed using standard
computer aided design (CAD) tools and submitted to MOSIS, a government sponsored
microfabrication service. The design includes the specifications for dielectric growth win-
dows (DGWs) which expose the underlying GaAs substrate to provide seed crystal for
growth. Under contract to MOSIS, Vitesse Semiconductor, Inc., fabricates the chips. Fig-
ure 1.1 shows the major steps in the process following receipt of the chips from MOSIS.
After an epitaxy window preparation step, the chips are loaded into a molecular beam epi-
taxy (MBE) reactor for growth. This leaves single crystal material in the windows and
polycrystalline material over the rest of the chip. To re-planarize the chip following
growth, the epitaxial device material is photolithographically masked and the polycrystal-
line material chemically etched. After stripping the mask, the material in the DGWs may
(c)
Figure 1.1: Major steps in the Epi-on-Electronics process. (a) Chips are
returned from Vitesse with foundry opened epitaxy windows to the GaAs
substrate. (b) Following growth, single crystal material is found in the win-
dows while the rest of the chip is covered with polycrystalline deposits. (c)
The polycrystalline material is etched off and optoelectronic devices are fab-
ricated. These devices are connected to the electronics by running metal lines
to bond pads on the surface.
be processed into optoelectronic devices using standard techniques. Finally, the devices
are electrically connected to the rest of the circuit by running metal lines to bond pads on
the surface of the chip. In most cases, the bottom contact to the device is made through a
standard n-type implant in the DGW.
Any kind of compound semiconductor device that is lattice-matched to GaAs may be
integrated with high density MESFET electronics using this method. In addition to
enhancement-mode and depletion-mode MESFETs, the standard Vitesse process can be
used to fabricate MSM and OP-FET photodetectors. Using the EoE technique, working
prototype OEICs have been demonstrated [9].
1.4 Thesis Overview
EoE is the starting point of the present work. As reviewed in Chapter 2, thermal stabil-
ity studies on integrated circuits (ICs) from Vitesse have shown that the transistors and
metallization can withstand a time-temperature cycle of 5 hours at 470"C without degrada-
tion. This makes it possible to grow optoelectronic device material using the technique of
molecular beam epitaxy (MBE), albeit with some potential decrease in material quality
due to the reduced growth temperature
Established LEDs and laser diodes use AlxGal_xAs as a wide bandgap cladding layer.
Aluminum-containing compounds, however, are optimally grown, by conventional MBE
techniques, at around 700"C [10]. Emitter performance will be compromised if they are
grown in a manner compatible with EoE integration, unless more sophisticated growth
methods, such as migration enhanced epitaxy or stoichiometric growth, are used
[11,12,13,14,15,16]. To avoid growth complication, thus increasing the practicality and
manufacturability of the integration procedure, this thesis seeks to develop LEDs and
lasers that can be grown within the allowed EoE thermal budget by using InGaP
(In0.49Ga0. 51P is lattice-matched to GaAs) as the wide bandgap material in place of
AlGaAs. The InxGalxAsyPl_y material system is nominally grown below 500"C, there-
fore phosphide-based emitters grown under EoE compatible conditions should perform
optimally. This motivation is elaborated in Chapter 2.
In addition to developing efficient emitters, this thesis addresses EoE integration
issues. The epitaxy window preparation procedure developed in the initial EoE studies
was used in the early phases of this work. Problems with and modifications to this proce-
dure are described in Chapter 3.
The use of InGaP allows the bulk of the MBE growth cycle to be carried out below
500"C. However, the normal MBE practice of thermally desorbing the native GaAs oxide
requires a brief excursion to above 580"C. This temperature exposure is enough to sub-
stantially degrade the upper-level metals of the ICs. In Chapter 4, a technique using
atomic hydrogen to remove the oxide is described. This process removes the oxide well
below 500"C, and enables the entire MBE growth process to be carried out without dam-
age to the electronics.
The material quality of InGaP, GaAs, and InGaAs, grown at 470"C, is qualified in
Chapter 5. For very low power/high density applications, LEDs are an attractive light
source because no threshold power is required for operation. Chapter 6 presents the devel-
opment of LEDs based on the GaAs/InGaP double heterostructure. For applications
requiring higher power and/or speed, laser diodes are more effective. Chapter 7 demon-
strated a strained InGaAs/GaAs/InGaP quantum well separate confinement heterostruc-
ture (QW-SCH) laser diode.
The combined results of this thesis, namely reliable DGW preparation, low tempera-
ture GaAs native oxide removal, and EoE compatible growth of high performance optical
emitters, greatly extend the functionality of EoE integration.

Chapter 2
Epi-on-Electronics OE-VLSI and Phosphides
2.1 Thermal Stability of GaAs MESFET ICs
The primary constraint on material growth for EoE integration is the limited thermal sta-
bility of the electronics. As with silicon CMOS, the achievement of VLSI level integration
in GaAs MESFET technology depends on the self-alignment of source and drain implants
to the gate. This means that the gate material must be able to withstand the high tempera-
ture anneal (800"C for one hour in the case of the Vitesse process) that is required to acti-
vate the implant. In CMOS, this is accomplished, by using polycrystalline silicon for the
gate. In commercial MESFET processing, high temperature stability of the Schottky gate
is attained from refractory metal based contact, such as W1_xN x. The fact that the gate can
withstand an extended exposure to such high temperatures inspired investigation into the
thermal stability of completed ICs [7]. These studies established the possibility of MBE
growth in foundry opened epitaxy windows on fully processed chips.
2.1.1 Thermal Stability Results
Investigation of the thermal stability of Vitesse GaAs MESFET VLSI ICs by Braun, et
al., has led to an understanding of the degradation mechanisms and illuminated the bound-
aries of the time/temperature "growth envelope" [17,18]. Thermal cycles were performed
on electrical test structures located on Vitesse HGaAs3 process control monitors. As sum-
marized in Appendix D, the Vitesse process includes Schottky contacts for MEFSET
gates, ohmic contacts to the source/drain regions, and "upper level" (metal 1 through
metal 3 on the chips tested) metal interconnects. The Schottky gate contact itself was
found to be stable for all thermal cycles [17], as originally expected. However, the upper
level metal sheet resistances and ohmic contact resistances were found to degrade as the
result of thermally activated metallurgical reactions [18].
Five hour thermal cycles, corresponding to the growth time for integrated structures,
were carried out at various temperatures. Figure 2.1 shows the gate, ohmic, and intercon-
nect metal sheet resistances as a function of anneal temperature. The gate and ohmic metal
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Figure 2.1: Interconnect sheet resistance after 5 hour thermal cycles [18]
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layers displayed almost no sheet resistance change even after 5 hours at 600TC. However,
between 400"C and 600"C, the aluminum-based metal 1 through 3 layers increased signif-
icantly in sheet resistance. This resistance increase is believed to be the result of a metal-
lurgical reaction between the AlCu x core and WN x cladding. Increasing the nitrogen
content in the WN x layers produced interconnects that did not exhibit an increase in sheet
resistance when annealed below 550" C for five hours [18].
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The metal 1 sheet resistance increased linearly in time, the underlying reaction being
thermally activated. The sheet resistance increase saturated at approximately 15 times the
non-annealed value. Using an Arrhenius based model, a set of theoretical curves was fitted
to the measurements of metal 1 sheet resistance for arbitrary times in the temperature
range of 4000C to 6000C. Figure 2.2 shows this model with excellent agreement to experi-
mental results [18].
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Figure 2.2: Theoretical and measured metal 1 sheet resistance thermal
cycle responce. The Arrhenius based model indicates an activation energy
of 3.5 eV [18].
The ohmic contact resistance increase was also thermally activated and progressed lin-
early in time, but the onset of the resistance increase was delayed in time. This delay was
found to depend strongly on the distance between the metal 1 via edge and the ohmic con-
tact metal edge. Figure 2.3 shows the average measured MESFET source resistance and
small and large transmission line model (TLM) resistances per unit contact length as a
function of anneal temperature. (In the figure, "critical temperature" is defined as the tem-
perature where the resistance per unit contact length exceeded 2000 ohm-gm.) A reaction
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Figure 2.3: Ohmic contact resistance after 5 hour thermal cycles for MESFET
sources and large and small TLM structures. The inset gives the 2000 Q-gm criti-
cal temperature and metal 1 via spacing for each ohmic contact structure. [18]
between the Al-Cu-W-N interconnect and Ni-Ge contact is the cause of the ohmic contact
resistance increase. The time delay is associated with the diffusion of the aluminum com-
pound to the ohmic contact metal edge through the WNx barrier. The barrier consists of
the metal 1 bottom cladding layer, the ohmic metal top layer, and the via top spacing layer,
which explains the correlation between the ohmic contact to metal 1 via spacing and the
delay of the onset of the resistance increase [18].
As with the interconnect metal sheet resistance, the strong temperature dependence of
the ohmic contact resistance can be modeled as a thermally activated process. Figure 2.4
S* :Average MESFET Source Resistance
o:Small TLM Structure Resistance per Contact
X :Large TLM Structure Resistance per Contact
Critical Metal 1
Contact Temp. Via Spacing
Type (celcius) (microns)
Small TLM 526 0.4
MESFET 529 0.5
Large TLM 547 2.0
. . . . . . .. . . . .. . . . . . . . .
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gives a set of curves suitable for approximating this resistance for arbitrary thermal cycle
temperatures and durations.
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Figure 2.4: Theoretical and measured metal 1-ohmic metal-implant contact resis-
tance thermal cycle response. The Arrhenius based model indicates an activation
energy of 2.5 eV to 2.8 eV [17]
Finally, to test the effect of the thermal cycles on actual circuit performance, 23-stage
direct-coupled field effect transistor logic (DCFL) ring oscillators were also tested. Oscil-
lation frequency was unchanged for anneals up to 4500C. Between 4500C and 5400C, the
ring oscillator period increased by 10%. No oscillations were observed for anneals at or
above 5500C. Using the measured ohmic contact resistances, HSPICE simulations of the
ring oscillator correctly predicted that the circuit would not oscillate after a 540"C anneal
[18].
2.1.2 Thermal Budget
The importance of the thermal stability results to the present work is in establishing
safe time/temperature exposure limits for Vitesse ICs used in EoE MBE growth. Figure
2.2 and Figure 2.4 indicate that a thermal cycle of 5 hours at 470"C will not compromise
electronic circuit performance. This temperature also allows for a reasonable tolerance in
setting the substrate temperature during growth, and is nearly optimal for the growth of
InGaP. The growth temperature of 470"C was thus chosen for the structures investigated
in Chapter 6 and Chapter 7. It is also important to note that even a brief exposure to tem-
peratures near 6000C causes significant degradation of the electronics. This motivates the
work on low temperature oxide removal presented in Chapter 4.
2.2 A1GaAs-Based Laser Diodes
Since AlxGal_xAs is essentially lattice-matched to GaAs for all mole fractions, and exhib-
its a direct bandgap for aluminium concentrations below approximately 40%, it is the
most mature III-V material system investigated. High quality semiconductor laser diodes
using AlGaAs/GaAs have long been fabricated. Such a device was the target of initial EoE
integration efforts. But, as discussed below, the reduced growth temperature requirements
of EoE integration results in compromised performance. InGaP based lasers provide
uncompromised electronic and optoelectronic device performance.
The theory and design of in-plane semiconductor laser diodes are explained in Appen-
dix B.
2.2.1 Optimal AlGaAs-Based Laser
A strained InGaAs/GaAs/AlGaAs quantum well graded-index separate confinement
heterostructure (QW-GRINSCH), demonstrated by Williams, et al., has one of the lowest
reported threshold current densities, 56 A/cm 2, of any semiconductor laser [10]. The
growth structure is diagramed in Figure 2.5. To achieve this result, the authors included
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Figure 2.5: Strained InGaAs QW-GRINSCH laser structure used by Williams, et
al. to attain the low room temperature pulsed broad-area threshold current of 56
A/cm 2 . The AlGaAs layers are grown at 700"C while the GaAs and InGaAs are
grown at 565"C; the temperature is ramped without growth interruption. The
structure is grown on an n-type substrate.
the use of a graded core region for improved current "funneling", graded interfaces to
reduce series resistance, set-back of doping to reduce free-carrier optical absorption, and
the growth of each layer at the optimal temperature. This meant a substrate temperature of
700°C during growth of the AlGaAs layers.
2.2.2 EoE Optimized A1GaAs Based Laser
It is clear that the optimal growth temperatures used by Williams, et al., are not com-
patible with EoE integration. In the original work on EoE, Shenoy, et al., optimized a laser
structure for low temperature growth [5]. The heterostructure is given in Figure 2.6. The
low temperature optimizations include the reduction of aluminium content and the
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Figure 2.6: Strained InGaAs/GaAs/AlGaAs QW-SCH laser structure used by
Shenoy, et al., in original EoE work. This structure is optimized for low temper-
ature growth. The resulting broad area room temperature pulsed threshold cur-
rent density is 1800 A/cm2 [5].
increase of the thickness of the unintentionally doped GaAs core layers between the
AlGaAs claddings and the quantum well. With these modifications in place, a room tem-
perature pulsed broad-area laser threshold current density of 1800 A/cm 2 was achieved
using a growth temperature of 530'C (Increasing the growth temperature to 6000C
reduced the threshold current density to 740 A/cm 2, which is higher than necessary since
the design was optimized for low temperature growth.). The performance of this low tem-
perature grown laser may be suitable for some applications, but the low power levels
needed for high density optoelectronic integration will require more efficient laser diodes.
2.2.3 Unconventional Low Temperature Growth of AlGaAs
Both of the above lasers were made using "conventional" MBE growth techniques.
Low temperature growth of AlGaAs based lasers has also been attempted by nonconven-
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tional means. For the most part, these methods improve material quality by increasing the
surface mobility of Al adatoms. In migration enhanced epitaxy (MEE) the As overpres-
sure is disrupted to allow group III adatoms adequate time to find appropriate lattice sites
[11,12,13]. Using this technique, AlGaAs/GaAs broad area laser diodes grown at 350"C
were fabricated with room temperature pulsed threshold current densities of 2500 A/cm2
[14]. While promising, MEE is difficult to implement due to the need for precise, closed-
loop control of frequent shutter operations. Another way to enhance adatom mobility is to
lower the group V overpressure. Using a III:V flux ratio of nearly unity, AlGaAs based
lasers with broad area room temperature pulsed threshold current densities of 600 A/cm2
have been reported [15,16]. Precise control of As flux is possible in both solid and gas
source MBE, but care must be taken to maintain the near stoichiometric growth conditions
over varied growth rates, and in spite of run-to-run drift in group III effusion cell fluxes.
This technique is promising and requires additional investigation. The ideal growth tech-
nique, however, is the simplest one that produces the desired level of performance. Con-
vention growth of aluminum-free materials is a solution.
2.3 AlGaAs and InGaP
The underlying problem with aluminum-containing III-V semiconductors is the presence
of aluminum. Difficulties with aluminum-containing compounds arise both during and
after growth. Aluminum has a very high affinity for oxygen, making it difficult to prepare
oxygen-free samples [19]. Once incorporated in AlGaAs, the oxygen acts as an efficient
nonradiative recombination center [20,21].
Nonradiative recombination increases the threshold current of a laser by diverting car-
riers from the quantum well and generating heat. In a PiN laser diode, the presence of non-
radiative recombination centers in the bulk P and N regions (that is, the cladding layers) is
relatively unimportant compared to the undoped core and active region (quantum well(s)).
Since recombination centers act to return a system to thermal equilibrium, they are not of
great consequence in the highly doped claddings where the excess carriers present only a
small deviation from equilibrium. In the undoped regions, however, the presence of excess
minority carriers represents a large perturbation, making the injected carriers very vulner-
able to recombination centers. Since oxygen incorporation in the undoped GaAs core or
InGaAs quantum well is not significant, it is the presence of nonradiative recombination
centers at the AlGaAs/GaAs interface that most likely limits AlGaAs laser performance. It
has, in fact, been found that interface nonradiative recombination processes are responsi-
ble for high threshold currents [22].
Carrier recombination at an interface is characterized by the interface recombination
velocity, which is adversely effected by the incorporation of oxygen in aluminium con-
taining compounds [23]. Table 2.1 gives the interface recombination velocities for InGaP,
AlGaAs, and InAlP; both cases involving aluminum are significantly greater that the alu-
minum free InGaP.
Al0.4Ga0.6As/GaAs 210 cm/s
Ino.5A10.5P/GaAs 900 cm/s
Ino.5Ga0 .sP/GaAs 1.5 cm/s
Table 2.1: Upper bound on interface recombination velocity [23].
It has been found that below 700'C, the incorporation of oxygen in AlGaAs is arrival
rate limited with unity sticking coefficient, and that oxygen accumulates at AlGaAs/GaAs
interfaces. This is consistent with a model in which oxygen adsorbs to the growth surface
by forming an aluminum oxide [24]. At higher temperatures the oxygen and aluminum are
less tightly bound and the oxygen is able to desorb, possibly aided by gallium desorption
[25]. Thus, oxygen incorporation is increased at lower growth temperatures, explaining
the higher threshold current of the low growth temperature InGaAs/GaAs/AlGaAs lasers
of Shenoy, et al. [5].
Even after the growth and processing of AlGaAs based lasers, the high oxygen affinity
of aluminum continues to be a problem. Oxidation of the laser facets is responsible for
catastrophic optical damage (COD), as outlined in Figure 2.7. The nonradiative recombi-
Figure 2.7: Catastrophic optical damage is a consequence of facet oxidation.
Incorporated oxygen results in nonradiative recombination which produces
local heating of the facet. A positive feedback loop is formed when the rise in
temperature causes bandgap reduction. This increases the light absorbtion near
the facet, which increases the aluminium oxidation reaction by breaking alu-
minium bonds [26].
nation resulting from oxygen incorporated into the material near the facet results in a tem-
perature rise. The oxidation process is aided by bond breaking caused by light absorbtion.
Since light absorbtion is increased when the bandgap is reduced due to the temperature
rise, a positive feedback loop occurs [26]. For optical power levels above the "COD
threshold" this system becomes unstable and rapidly destroys the laser facet. COD brings
into question the reliability of AlGaAs lasers. As detailed in Section 2.4, this reliability
question led to work on aluminium free lasers.
0.
2.4 Phosphide-based Laser Diodes
Ijichi was the first to suggest the use of InGaP in place of AlGaAs in the basic InGaAs/
GaAs quantum well laser structure [27]. The motivation for this work was the pumping of
Er3+ doped fiber amplifiers (EDFA), which are a critical component in long haul optical
communication systems. An EDFA may be pumped at either 0.98 glm or 1.48 jim, but
when pumped at 0.98 gm the Er3+ atoms behave as an ideal three level system, yielding
higher pumping efficiency. Long term reliability and high output power over a wide range
of operating temperatures are required for EDFA pump lasers [26,28,29]. InGaAs/GaAs/
AlGaAs lasers have historically filled this role [30], but catastrophic optical damage
(COD) limits the reliability of these devices [26,31]. Studies of facet temperature and
COD in aluminium-free lasers have provided evidence that the removal of aluminium
improves laser reliability [26,32,33,34].
Aside from the reduced facet oxidation, the presence of donor related deep traps (DX
centers) in AlGaAs:Si makes it difficult to achieve high carrier concentrations [35], while
InGaP shows no significant DX center concentration [36]. Furthermore, the use of InGaP
simplifies the fabrication of buried heterostructure lasers since little surface oxide is
formed between growth steps. Also, the fabrication of InGaP/GaAs based devices is aided
by the availability of selective wet and dry etches [37]. Most importantly for EoE applica-
tions, the low InGaP/GaAs interface recombination velocity results in a reduced threshold
current in InGaP lasers compared to the AlGaAs counterparts, particularly those grown at
EoE compatible temperatures.
This section reviews the development of InGaP based high power laser diodes for
EDFA pumping applications. This provides a useful introduction to the various device
structures and the issues involved in laser diode design.
2.4.1 Single Quantum Well Separate Confinement Heterostructure (SQW-SCH)
Similar to Ijichi's initial device [27], an aluminium-free laser was fabricated by Pessa,
et al., using the single quantum well separate confinement heterostructure (SQW-SCH) in
Figure 2.8 [38,39]. Gas source MBE (GSMBE) was used. The InGaP and InGaAs layers
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Figure 2.8: InGaAs/GaAs/InGaP QW-SCH used in [38,39]. The GaAs and
InGaAs were grown at 5900C and the InGaP at 5000C; after growth, a rapid ther-
mal anneal of 900"C for 1 s was used to improve threshold current. For broad
area devices, the pulsed room temperature threshold current was 72 A/cm 2, and
the characteristic temperature was approximately 130"K.
were grown at a substrate temperature of 5000 C, and the GaAs at 590TC. Before process-
ing, the sample was annealed for 1 s at 900"C using a rapid thermal annealer (RTA) to
improve the threshold current by reducing the density of non-radiative recombination cen-
ters in the InGaAs quantum well [40]. Broad area lasers had a room temperature pulsed
threshold current density of 72 A/cm 2 . This compares favorably to the best AlGaAs based
lasers. The characteristic temperature TO, which gives an indication of the temperature
sensitivity of the threshold current, was between 120"K and 1400K, in agreement with Iji-
chi's To=130*K [27], and To=140"K reported for a similar InGaAs/GaAs/AlGaAs laser
[41].
2.4.2 Multiple Quantum Well Separate Confinement Heterostructure (MQW-SCH)
Although single quantum well lasers tend to have the lowest threshold current densi-
ties, to generate high output power for EDFA pumping, multiple quantum well structures
are preferred. As a result of band-filling, more quantum wells are needed to contain the
larger charge density that must be present in the active region in order to maintain the
higher stimulated recombination rate [38,42]. A structure very similar to Figure 2.8, also
grown by GSMBE but using three quantum wells in place of one, was used for high output
power lasers [42,43]. The broad area device fabricated exhibited a threshold current den-
sity of 177 A/cm 2, or 59 A/cm 2 per quantum well. Its characteristic temperature was
150'K, an improvement over the single quantum well device, and comparable to similar
high power InGaAs/GaAs/A1GaAs lasers. Ridge waveguide lasers, with anti-reflection
and high reflection facet coatings, were also fabricated. For a 500 gm long, 3 plm wide
stripe, having threshold current of 12 mA, the peak output power was 160 mW. The device
operated at up to 185TC, and had a characteristic temperature of 180"K
The To of the 3QW InGaAs/GaAs/InGaP lasers was limited by carrier confinement in
the quantum wells. The quantum well carrier population is effected by thermionic emis-
sion over the barrier, the lifetime of which depends exponentially on EbarriekBT [44].
Replacing the GaAs core with a wider bandgap material increases electron confinement,
and thus carrier injection efficiency, by raising the quantum well barriers. This has the
additional advantage of reducing the optical field confinement, producing a broader mode
which will reduce facet heating and astigmatism in the output (the latter is very important
to the coupling of light into single mode optical fibers). This approach was used in high
power InGaAs/InGaAsP/InGaP lasers [45,46,47,48,49]. An optimized heterostructure is
shown in Figure 2.9 [48,49]. The authors note that using GaAs barriers immediately adja-
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Figure 2.9: Optimized InGaAs/InGaAsP/InGaP high power 3QW-SCH [48,49].
The InGaAsP core layers have Eg=1.57 eV. Using GSMBE, the InGaP and
InGaAsP were grown at 500"C by GSMBE; the GaAs at 590"C, and the InGaAs at
515"C. The broad area room temperature pulsed threshold current was 150 A/cm2 .
For ridge waveguide devices, the characteristic temperature was around 150"K
under pulsed operation.
cent to the quantum wells simplifies the growth while having no measurable effect of per-
formance [49]. The use of the larger bandgap (Eg=1. 5 7 eV) core material was successful
in raising To to between 220"K and 280"K.
2.4.3 Graded Index Separate Confinement Heterostructure (GRIN-SCH)
Another approach to increasing To is the use of a graded heterostructures. MOCVD
was used to grow graded index separate confinement heterostructure (GRIN-SCH) single
quantum well lasers [28,50,51]. The graded core improves carrier injection by "funneling"
current into the quantum well. Graded interfaces also reduce series resistance by eliminat-
ing potential spikes resulting from band offsets. The power dissipation, I2R, is thereby
reduced, and along with it the operating temperature. Thus, carrier injection efficiency, for
a given power level, is further improved. Furthermore, the grading of the index of refrac-
tion in the core results in a less tightly bound optical mode, reducing facet heating and
improving fiber coupling. A comparison of nongraded and several graded structures is
summarized in Figure 2.10 [51]. As expected, the use of a GRIN-SCH improved To, but
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Figure 2.10: Comparison of various SCH cores in terms of the resulting character-
istic temperature, To, of ridge waveguide lasers [51]. MOCVD was used to grow
InGaAsP, lattice matched to GaAs, with the indicated bandgaps. (a) is in agree-
ment with the previously shown QW-SCH result. In (b), To improves due to the
current funneling and resistance lowering effects of the grading. The most signifi-
cant improvement, however, is from simply increasing the quantum barrier, as
seen in (c). The small improvement between (c) and (d) indicates that step grading,
as in (b) and (c), is adequate to reduce series resistance, and the growth complica-
tions associated with continuous composition grading can be avoided. A broad
area laser based on (c) had room temperature pulsed threshold current of 220 A/
cm2 ; this relatively high value is attributed to the low optical confinement of the
GRIN-SCH structure [50].
an even more dramatic reduction resulted from increasing the quantum well barrier height.
The combined effect produced a characteristic temperature of around 300'K for a ridge
waveguide laser. Also, it was shown that a step grading adequately reduced the series
resistance, avoiding the difficult task of maintaining lattice match while continuously
varying the InGaAsP composition. The room temperature pulsed broad area threshold cur-
rent density for structure (c) in the figure was 220 A/cm 2 [50]. This is attributed to the
lower overlap of the optical mode with the gain region due to the reduced optical confine-
ment of the GRIN-SCH structure. Since reduced optical confinement aids in coupling
light into a single mode fiber, the increase in threshold current may be a justified design
compromise in the case of EDFA pumping.
2.5 Device Objectives
This thesis in aimed at the integration of efficient optical emitters with VLSI electronics
using the EoE technique. The emitters of interest are LEDs and lasers. Due to the strong
tendency of aluminium to oxidize, the AlGaAs based lasers of Section 2.2 can not be opti-
mally grown, in a straightforward fashion, within the thermal budget constraints outlined
in Section 2.1. The problems inherent with aluminium containing compounds are avoided
by using the InGaAsP material system, and in particular the wide bandgap In0.49Gao.51P
(which is lattice-matched to GaAs). Section 2.4 reviewed work published on InGaP based
laser diodes, showing them to be comparable in performance to similar AlGaAs based
devices. The growth temperatures reported for these devices are nearly within the EoE
thermal budget. It remains to be shown that growth at 470"C can produce good laser and
LED performance in the InGaAsP system.
Although much less efficient than lasers, LEDs operate without a threshold. For appli-
cations that do not require large optical signals or phase coherence, LEDs are a viable
solution. Furthermore, the relative ease of LED fabrication will speed the dissemination of
OE-VLSI technology to the systems community, which is critical for the long term devel-
opment of optical interconnect technology. The greatly reduced interface recombination
velocity of InGaP is of equal importance in LEDs. Chapter 6 will focus on the fabrication
of EoE compatible GaAs/InGaP LEDs.
As discussed in Section 2.4, work on InGaP based lasers has focused on high power
devices suitable for pumping EDFAs. For OE-VLSI application, low power dissipation,
and thus low laser threshold current, are required. The optimizations made for EDFA
pumping are not entirely applicable. For low power use, the most suitable device configu-
ration is the simple SQW-SCH. Chapter 7 develops this device.
Chapter 3
Dielectric Growth Window Preparation
In order to epitaxially grow high quality material in dielectric growth windows
(DGWs), a very clean and smooth GaAs surface must be exposed. In the Vitesse standard
process, described in Appendix D, a "passivation cut" is normally used to open vias to
bonding pads and a "boundary cut" makes trenches though the dielectric stack to allow the
wafer to be sawed into chips. The DGWs are defined by specifying, in the circuit layout,
passivation and boundary cuts over the regions to be grown.
3.1 Original Preparation Method
Standard photolithographic techniques are used to define the passivation and boundary
cut regions. The DGWs are formed using CF4/02 reactive ion etching (RIE) to cut through
the roughly 4 gim of dielectric, composed of layers of SiO 2 and Si3N4. A by-product of
this process is the production of fluorinated hydrocarbons that are redeposited over the
surface. SIMS analysis of the residue clearly showed the presence of carbon and fluorine.
The fluorinated hydrocarbons act as a mask against further etching. 02 plasma in the mix-
ture reacts with these organics and partially removes them. However, some organic resi-
due remains in the DGWs after the photoresist is stripped from the rest of the wafer
surface. In addition to organic residues, fragments of dielectric are deposited in the
DGWs. Thus, a cut reaching down to the GaAs surface is produced, but the surface is cov-
ered with a mixture of dielectric and organic residues, as diagrammed in Figure 3.1.
Nomarski micrographs of DGWs showing this residue are in Figure 3.2.
In original EoE work, this residue was removed using a combination of CF4/0 2 RIE
and wet etching in buffered hydrofluoric acid (BOE). A typical implementation used 45
Residue!
Figure 3.1: Dielectric Growth Window (DGW) cut in dielectric/
metallization stack with CF4/0 2 RIE. The GaAs at the bottom of
the DGW is covered with a mixture of fluorinated hydrocarbons
and dielectric fragments produced by the etch.
100 pm X 400 tpm DGW
Al bond pad
(a) (b)
Figure 3.2: Nomarski micrographs of DGWs (a) 50X,
formity of residue between different DGWs (b) 1000X
note nonuni-
sccm CF 4/10 seem 02 at 5 mTorr and 200 W incident power for 10 min. followed by a 5
min. dip in BOE (circuit side down) with ultrasonic agitation. BOE etches dielectric,
including SiO2 and Si 3N4, but etches GaAs only very slowly. This resulted in a visually
clean surface with no noticible morphology. The Al bond pads are attacked by the BOE,
but a 5 min. application leaves them in a usable state (longer times produce significant
damage). After degreasing with trichloroethane, acetone, and methanol, and an additional
5 second dip in BOE, chips were In mounted alongside a bulk GaAs substrate and put
through a standard growth sequence. Figure 3.3 compares the surface morphology of the
(a) (b)
Figure 3.3: 1000X Nomarski micrographs of AlGaAs based LED mate-
rial (a) on bulk GaAs wafer and (b) in a DGW. The DGW was prepared
using a gentle CF 4/O02 RIE followed by wet etching in BOE. The material
in (a) is very smooth. Slight roughness is seen in (b), but this did not
effect LED performance.
epitaxial material on the bulk wafer and in a DGW. The material grown on bulk GaAs is
featureless. The DGW material is nearly as good, though some striated morphology is vis-
ible. LEDs fabricated on this material performed comparably to those fabricated from the
material grown on the bulk wafer.
Approximately one year after the AlGaAs LED work, the cleaning method described
above was again employed to prepare chips for InGaP LED growths. However, bits of the
black residue remained in the DGWs. The failure of the DGW preparation procedure
prompted a more through investigation of the residue.
As a first attempt, a chip was placed in an ozone ambient. Ozone, a highly reactive
form of oxygen, is often used in microelectronic processing to remove organics. Exposure
to ozone had a marked effect, greatly reducing the concentration of black residue, but the
rate of residue elimination diminished with exposure, and the residue was not completely
removed after an hour in ozone. A more reactive form of oxygen is 02 plasma. The same
chip was cleaned with 02 plasma in a RIE chamber (90 sccm, 40 mTorr 40 Vbias, -30 W,
40°C). After three hours in 02 plasma, some of the DGWs were free of the black residue
while others seemed untouched, as seen in Figure 3.4. Evidently, the residue deposition is
DGW without residue -
DGW with residue /
Figure 3.4: 50X Nomarski micrographs of DGWs after 1 hour in
ozone and 3 hours in 02 plasma. Some DGWs are free of black
residue (but display surface morphology) while others are heavily
coated with black residue.
quite nonuniform across the chip. Further exposure to 02 plasma, up to a total of 5 hours,
had no additional effect. Apparently, there is some nonuniform masking of the black resi-
due, presumably the fluorinated hydrocarbon, by the dielectric fragments. It is unclear
whether the DGWs that have no black residue are also devoid of dielectric residue, since
this material may be transparent. These DGWs did exhibit a great deal of surface rough-
ness.
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Following cleaning in ozone and 02 plasma, the same chip was dipped in BOE. In 1
min. nearly all of the remaining residue was removed. In less than 4 min, all of the wells
were uniformly clean, The areas that were free of black residue after the 02 plasma were
unchanged.
In the previous experiment, BOE was very effective in cleaning out the DGW; only 1
minute removed more residue than several hours in 02 plasma. Was this due to a masking
effect, as speculated above, or did BOE attack the black residue itself? A new chip was
dipped in BOE for 1 min. The results were most dramatic in the regions of the chip where
the 02 plasma had been unable to remove the black residue. A "lift-off' phenomenon had
taken place, removing the black residue by etching the dielectric out from underneath it.
This was evident since the chip was not agitated in the BOE and some of the black residue
material adhered to the chip surface. But, other regions were still significantly covered
with black residue. This confirms the hypothesis that the residue consists of intermixed
dielectric and organic residues, each masking the other. The organic residue appears black
in color. The chip was then exposed to 02 plasma (99 sccm, 130 mTorr, 350 Vbias, -280
W, 40"C) for one hour which removed most of the remaining residue. The fact that the 02
plasma, with the given parameters, does not roughen the GaAs surface was verified by
using it on a bare GaAs wafer. By interleaving BOE (1 min) and 02 plasma (1 hour) once
more, the DGWs were uniformly cleaned, as seen in Figure 3.5.
Thus, the residue in the DGWs consists of dielectric, which is etched by BOE, and flu-
orinated hydrocarbons, which are etched by 02 plasma (or ozone). Since the two are inter-
mixed and mask each other, both 02 plasma and BOE must be employed in the cleaning
process.
The results seen in Figure 3.5 are unsettling. The GaAs is apparently clean of residues,
yet still exhibits a rough morphology. Such a surface is not appropriate for MBE growth.
(a) (b)
Figure 3.5: Nomarski micrographs of DGWs after cleaning with 02
plasma and BOE. All residue is removed, but GaAs substrate has a rough
morphology. (a) 50X, (b) 1000X.
An InGaP based LED was grown on this material, and the morphology of the resulting
epitaxy is compared with that produced on bulk GaAs in Figure 3.6. It appears as though
ta) (b)
Figure 3.6: 1000X Nomarski micrographs of InGaP based LED material (a)
on a bulk GaAs wafer and (b) in a DGW. The DGW was prepared 02 plasma
and BOE etching. The material in (a) is very smooth, while (b) quite rough.
the rough morphology of the DGW substrate is magnified as it is transferred up to the sur-
face of the epitaxial material. This material may or may not produce working devices, but
its presence brings into question the reliability of EoE integration.
3.2 Revised Preparation Method
What is producing the roughness on the DGW substrate? As a baseline for comparison, a
piece of "dead" Vitesse substrate (a Vitesse wafer that has gone through the Vitesse pro-
cess, but only has a partial dielectric stack over it) was cleaned by simply dipping it in
pure HF (the entire dielectric stack comes off in less that 1 min. in pure HF). This piece
had a featureless morphology, and the epilayer growth on it was identical to the bulk GaAs
wafer. The difference between this piece and the DGWs tested is that the underlying GaAs
layer of the DGWs was ion implanted (for making a back side contact through a standard
Vitesse ohmic contact), and has been exposed to the Vitesse passivation and boundary
etches. It may be that the ion implantation processes produces the roughness, but this
should have also affected the original growths.
Another speculation as to the cause of the degraded morphology is that the etch used
by Vitesse damages the GaAs. This etch is not very precisely controlled, since it is only
intended to produce a saw line trench, and it is very vigorous since it must cut through a
very thick dielectric stack. However, although some morphology was seen on early
growths in the DGWs, this was small in comparison to the roughness seen in the later
growths. It is likely that the substrate morphology was much better in the past.
A significant clue as to the origin of the surface roughness is the observation that the
black, organic residue is much more difficult to remove once it has come into contact with
GaAs [52]. This means that the fluorinated hydrocarbon is reacting with GaAs, which is
not surprising due to the high reactivity of fluorine. Certainly, the reaction rate is very
slow, but in the course of a year, a significant amount of GaAs is consumed. Since the
organic residue is intermixed with dielectric, it interacts with the crystal nonuniformly.
When it is finally removed, the reacted GaAs is also removed, producing the rough sur-
face. This model accounts for all observations.
The above model says that the residue from the CF4/0 2 etch must not be allowed to
come in contact with the GaAs. In other words, the Vitesse etch depth must be limited to
less than the total dielectric stack thickness. 02 plasma may be used to remove the organic
residue, and BOE may be used to etch the remainder of the Vitesse dielectric. In this case,
it will be necessary to mask the remainder of the chip to protect the bond pads from over-
exposure to BOE. If the dielectric is not thin enough to allow a controllable isotropic wet
etch, CF 4/0 2 RIE may be used to thin the dielectric before the BOE etch. The proposed
process is diagramed in Figure 3.7.
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Figure 3.7: Proposed process for DGW preparation. (a) Chips arrive
from Vitesse with the DGWs only partially etched. (b) 02 plasma is used
to remove any organic residues. A layer of dielectric is applied to protect
the bond pads in post growth processing. Photoresist is patterned to
expose the DGWs. (c) CF4/0 2 is used to thin the dielectric remaining in
the DGW if necessary. BOE removes the last thin layer of dielectric to
expose a clean, smooth GaAs surface.
In addition to the steps discussed above, a layer of dielectric is to be applied over the
entire chip before opening the DGWs. This will protect the aluminium bond pads in the
post growth replanarization step in which the polycrystalline material outside the DGW is
etched. This layer does not play a critical role in the DGW preparation process.
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The DGW preparation method outlined in Figure 3.7, referred to as the "revised" pro-
cedure, is to be applied to new sets of chips. Since the boundary etch has been removed
from the normal Vitesse process, it is possible, by special arrangement, to have it rein-
serted with a modified etch time/energy. Chips were returned from Vitesse with the dielec-
tric stack partially etched (1-2 plm of dielectric remaining). On these chips, the black
residue was much less dense, since less material was etched. Full application of the
revised procedure requires a photolithography mask for patterning the photoresist over the
regions of the circuit that are to be protected. Since this mask was not yet available, the
revised preparation technique was verified by dipping the chip face down in BOE, with
ultrasonic agitation. After 30 min. the dielectric stack was completely removed from the
DGW areas and a clean, smooth GaAs surface was exposed. The result of this preparation
step is shown in Figure 3.8.
Figure 3.8: 1000X Nomarski micrograph of DGW prepared with the
revised method: the Vitesse etch was stopped short of GaAs substrate and
remaining dielectric was removed with BOE. Only the bottom portion of
the DGW is ion implanted. Both regions are perfectly clean and smooth.
The boundary line is due to a depression of approximately 15 nm on the
implanted region.
The DGW pictured in Figure 3.8 was partially ion implanted. In the event of reduced
epitaxial quality due to substrate roughness caused by ion implantation, the active device
grown in this DGW would be on high quality, non-implanted regions and still connected
to the Vitesse ohmic contact through the implanted portion. As seen in Figure 3.8, the
implanted and nonimplanted materials have identical morphology, both very good. The
boundary line is a result of a roughly 15 nm height difference between the two regions, the
implanted region being lower. One explanation for the recession of the implanted region is
implantation-induced surface sputtering [53]. Another explanation is that the etch used to
define the active areas also attacks the GaAs. Whatever the cause, both regions appear to
be suitable for growth.
Growth of AlGaAs based heterostructures on a new chip prepared by etching in BOE
has been found to match the high quality material grown on the accompanying bulk GaAs
wafer.
In conclusion, a new procedure has been developed for the preparation of DGWs prior
to growth. This procedure replaces the original method which failed as a result of damage
to the GaAs substrate caused by the reactive organic residues produced by the etch process
that was used to define the DGWs. The new procedure protects the substrate by etching
only partially through the dielectric stack and then removing the remainder of the dielec-
tric using BOE.
Chapter 4
Low Temperature Oxide Removal
GaAs, like any other semiconductor, forms a native oxide over its surface when
exposed to oxygen. Single-crystalline material can not be nucleated on such a surface, so
the oxide must be removed prior to growth. In conventional MBE practice, the surface
oxide is thermally desorbed by raising the substrate temperature to 580"C-600"C for a
short time while maintaining an arsenic overpressure to prevent the loss of arsenic from
the crystal (the thermal desorption process is discussed in Section 4.1). However, as dis-
cussed in Section 2.1, even a brief exposure to such temperatures is detrimental to the
VLSI electronics. Fortunately, as discussed in Section 4.2, an alternate oxide removal
technique exists which works at much lower temperatures. Preliminary results using this
technique are presented in Section 4.3 and discussed in Section 4.5.
4.1 Background: Thermal Desorption of GaAs Native Oxide
The native oxide of GaAs is composed of As 20 x (x=1,3, or 5), Ga2O, and Ga203 . A par-
tial model for the oxide desorption process is sketched in Figure 4.1 [54]. There are three
phases in the process, each occurring at different temperatures. The arsenic oxides are the
least stable; at 390"C they break down releasing molecular arsenic and allowing the for-
mation of additional gallium oxides. The remaining oxide is composed of Ga20 3 and
Ga2O, the latter of which desorbs at 475TC. Above 500"C, a reaction between the underly-
ing GaAs and the Ga20 3 produces Ga20 and molecular arsenic. Once these products have
desorbed, the GaAs surface is free of oxides. In all likelihood, this model is largely cor-
rect. However, subsequent investigation has indicated the presence of arsenic oxides even
after a 410'C exposure [55], though this may simply be due to inaccuracy in determining
As 2/As4  Ga20 Ga20 As2/AS4
4 + 4 4
(a) Tsub=3900C (b) Tsub=475"C (c) Tsub>500"C
Figure 4.1: Thermal desorption of GaAs native oxide. The oxide layer is com-
posed of As20 x (x=l, 3, 5), Ga20, and Ga20 3. (a) Elimination of the arsenic
oxides occurs at 3900C. In this step, additional gallium oxides are formed using
oxygen from the arsenic oxides while the arsenic is desorbed as molecular As2 or
As 4. (b) At 4750C the Ga20O desorbs from the surface leaving only Ga20 3. (c)
Finally, above 500"C a reaction between the Ga 20 3 and GaAs produces Ga20 and
molecular arsenic which are desorbed [54].
the substrate temperature.
Whatever the chemical mechanism, it is known that complete desorption of the GaAs
oxide at 500"C takes approximately one hour [56]. In practice, the oxide is desorbed above
580*C where it takes one minute [56]. However, since the congruent sublimation tempera-
ture of GaAs is around 580"C-640'C [56], high temperature oxide desorption must be car-
ried out in an arsenic overpressure in order to prevent the formation of a gallium-rich
surface.
4.2 Background: Removal of GaAs Oxide by Atomic Hydrogen
Although thermal desorption is effective at removing oxygen from the GaAs surface, car-
bon contamination remains up to 6500C, making it difficult to obtain a very clean starting
surface [57]. The presence of carbon results in a high concentration of deep levels, thus
decreasing carrier concentration and photoluminescence intensity [57]. Additionally, ther-
mal desorption has been seen to produce surface roughness [58,59]. Motivated by such
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issues, significant work has been done in the use of neutral atomic hydrogen (referred to as
hydrogen radicals in the literature) for surface cleaning. The source of atomic hydrogen in
these investigations has been electron cyclotron resonance (ECR) generated hydrogen
plasma [57,60,61,62,63,64,65,66,67,68,69], radio frequency (RF) generated hydrogen
plasma [70,71,72], and thermally cracked H2 [55,73,74,75]. Atomic hydrogen generated
using three sources removes oxygen and carbon at substrate temperatures as low as 300"C,
and reports of oxide removal even at room temperature have been made [67]. The ability
to grow epitaxial material on a hydrogen cleaned surface has been verified by growing
GaAs at the conventional temperature of around 580" C following the hydrogen cleaning
[57,61,62,63,69,71], as well as growing GaAs at low temperatures using unconventional
growth techniques [60].
Two reactions are believed to play a significant role in the removal of GaAs oxide by
hydrogen radicals [55]. At 350"C, the reaction As 2 0x + 2xH -+ xH20 + As 2 (or !As 4), where
x=1,3, or 5, removes the arsenic oxide by converting it to water and molecular arsenic,
which desorb from the surface. At 410"C, Ga20 3 is eliminated through the reaction
Ga20 3 + 4H -- 2H 20 + Ga2O by its conversion to Ga20O and water, which are also desorbed.
Process parameters vary widely in the literature, and there are conflicting results
regarding the nature of the resulting surface. In some cases, it is reported that a 500"C
anneal following the hydrogen treatment is needed to achieve good RHEED reconstruc-
tion [61,62]. There are also indications that the hydrogen radicals chemically etch GaAs at
up to 10 nm/hr (1.7 A/min) [65,66]. A complete understanding of GaAs oxide removal by
hydrogen radicals is clearly not yet in hand. There is good reason, however, to believe that
conventional growth, at 470'C, of InGaP and GaAs on a hydrogen treated surface should
be possible.
Due to the availability of an RF plasma source, reports of GaAs oxide removal using
RF generated hydrogen plasma are of particular interest. One approach was to use a 13.56
MHz plasma discharge free radical source from Oxford Applied Research (Oxfordshire,
UK) [70]. Using 320 W of RF power in 4x10 -6 Torr of hydrogen ambient, with possibly
some nitrogen content, the GaAs oxide was removed at temperatures of 300"C-400"C
based on observation of streaky RHEED patterns. Similarly, Al0.24Ga0 .24As (lattice-
matched to InP) was cleaned using 500 W of RF power in 2.4x10 -5 Torr of H2 at 3700C in
22 min. [71]. Another group dissociated H2 by mixing it with an RF generated Ar plasma
[72]. Flowing at a rate of 200-400 sccm, Ar was pumped with 30 W of 13.56 MHz RF
power. Downstream from the RF plasma source, 100 sccm of H2 was added, producing
atomic hydrogen. The GaAs substrate was maintained at 3500C. Again, RHEED patterns
indicated removal of the oxide in 10-30 s. The authors also reported that hydrogen treat-
ment in excess on 1 min resulted in As depletion and gross surface damage.
4.3 Implementation
The II-VI reactor of the integrated III-V/II-VI Gas Source MBE (GSMBE) system at
M.I.T. is equipped with an Oxford Applied Research CARS25 13.56 MHz RF plasma
source for the generation of nitrogen radicals for the p-type doping of II-VI films. A high
purity H2 tank and manifold were added to allow investigation of H plasma oxide
removal. Generation of H plasma from pure H2 was found to be impractical due to the
high powers required. The pure H2 was replaced with a H2/Ar mixture (10% Ar), allowing
easy, consistent production of a reactive H plasma.
4.3.1 The Hydrogen Plasma Source
The type of source employed can produce two modes of hydrogen plasma. Low
brightness mode (LBM) can exist at any pressure and power, but does not contain a high
enough concentration of excited H2 or H radicals to produce a significant reaction rate.
The high brightness mode (HBM) does produce reactive H, but is more difficult to ignite.
A pressure/power hysteresis loop connects the two stable states, so by igniting a LBM
plasma and then lowering the pressure, a stable HBM plasma may be attained.
An HBM H plasma is consistently produced with the H2/Ar source. The basic proce-
dure for operation of the hydrogen plasma source is as follows:
1. The sample is loaded into the II-VI chamber and the substrate heater is ramped to
the desired temperature. The chamber is configured to be pumped by the diffusion pump.
2. The flow rate of H2/Ar is adjusted to set the chamber ambient pressure necessary to
strike the plasma in LBM.
3. The RF power is smoothly raised to the desired value (normally 350 W). A LMB
plasma should ignite well below this value (normally -~ 100 W).
4. The chamber pressure is then lowered (by reducing the H2/Ar flow), until the
plasma enters HBM.
4.3.2 ZnSe on GaAs
The nucleation of ZnSe on GaAs is complicated by the heterovalent nature of the crys-
tal bonding between the two. Consequently, the growth of ZnSe on GaAs is very sensitive
to the condition of the starting surface. The use of H plasma was investigated as a means
of improving ZnSe on GaAs heteroepitaxy by House, et al. [76]. Photoluminescence of
ZnSe grown on an epitaxial GaAs buffer layer, which is the "ideal" starting surface, is
compared with that of ZnSe grown directly on a H plasma treated GaAs wafer in Figure
4.2. The ratio of the free and bound exciton peaks and the lack of a defect band indicate
that both samples are of high optical quality. This implies that the H plasma treatment pro-
duced an excellent nucleation surface.
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Figure 4.2: Photoluminescence of ZnSe grown on GaAs. The sample in (a)
used a hydrogen plasma for oxide removal, while in (b) the sample was grown
on an epitaxial GaAs buffer layer (the highest quality starting surface possi-
ble). In both cases, the ratio of the intensity peaks of the free (Ex) and donor-
bound (I2) excitonic transitions, and the lack of a defect band, indicate that the
quality of the starting surface allowed the growth high optical quality material
[76].
4.4 Results
Five trials of hydrogen plasma oxide removal were completed. In this initial investiga-
tion, careful refinement of process parameters was not yet possible. Rather, an attempt was
made to identify a reasonable point of departure in establishing a repeatable, effective pro-
cedure. For simplicity, the five trials are recounted in chronological order. Section 4.5 will
draw conclusions from these trials.
4.4.1 Trial 1 (Growth R195)
Cleaved pieces of an n+ GaAs wafer were In mounted, baked for 1 hour at 210'C, and
loaded into the II-VI chamber for hydrogen plasma cleaning. The H plasma parameters are
given in Table 4.1. The diffuse RHEED pattern characteristic of an oxide covered GaAs
surface is shown in Figure 4.3. In this run, the RHEED pattern remained diffuse during the
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Pressure (Base) 9.4x10 -7 (2.3x10 -8 ) Torr
Power 350 W
Vbrightness 4.2 V
Tsubstrate  300"C
Time 57 min
Table 4.1: H-Plasma Parameters for R195
Figure 4.3: Diffuse RHEED pattern of oxide covered GaAs.
first 20 min of H plasma exposure, at which time faint spots began to appear. These spots
gradually became more defined. After 35 min of H plasma exposure, definite streaks are
visible (Figure 4.4(a)), indicating elimination of the surface oxide. The sample was left in
plasma for a total of 57 min.; the final RHEED image is shown in Figure 4.4(b).
The sample was next transferred into the III-V growth chamber. The substrate temper-
ature was ramped to the growth temperature, 470"C, with As overpressure being applied
when the substrate reached 300"C. Just prior to growth, the RHEED pattern remained
streaky. Growth was nucleated by opening the Ga and Si shutters. The RHEED pattern
immediately became spotty, indicative of bulk diffraction and thus a very rough surface.
(a) t=35 min (b) t=57 min
Figure 4.4: RHEED patterns from R195 H plasma trial. (a) are after 35
min. exposure. (b) are after 57 min. exposure.
By stopping the growth and annealing the sample, a somewhat streaky, 2-D RHEED
pattern was recovered. In fact, the RHEED pattern at the completion of an LED structure
was indicative of a reasonably good crystalline surface. However, double crystal x-ray dif-
fraction (DCXRD) indicates very poor material quality and photoluminescence (PL)
shows no emission for the GaAs active layer (Figure 4.5).
4.4.2 Trial 2 (R196)
The results of R195 indicated that the surface may have been roughened during the
oxide removal process, perhaps as observed in [72]. Under this assumption, the H plasma
exposure was terminated as soon as distinct streaks appeared in the RHEED pattern. In
addition, it was speculated that Ga did not have a high enough surface mobility at 470"C
to overcome the surface roughness. Since In has a higher surface mobility at the low tem-
perature, it was hypothesized that growth nucleation with InGaP would recover a 2-D
growth surface.
A cleaved piece of an n' GaAs wafer was In mounted, baked for 1 hour at 210"C, and
loaded into the II-VI chamber for hydrogen plasma cleaning. The H plasma parameters are
given in Table 4.2. In this run, the RHEED pattern remained diffuse for 12 min of H
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Figure 4.5: (a) DCXRD from R195: LED structure grown on H plasma
prepared GaAs. The material is of very low quality. (b)10 K PL from R195.
Lack of emission from the GaAs core confirms poor material quality. PL
was generated with a He:Ne pump laser, which is seen at the far right of the
spectrum.
Pressure (Base) 8.9x10 7 (1.8x10 -8) Torr
Power 350 W
Vbrightness 4.2 V
Tsubstrate 320"C
Time 17 min
Table 4.2: H-Plasma Parameters for R196
plasma exposure. After 17 min of H plasma exposure, definite streaks were visible in the
RHEED pattern (Figure 4.6), presumably indicating elimination of the surface oxide.
The sample was next transferred into the III-V growth chamber. The substrate temper-
ature was ramped to the growth temperature, 470"C, with As overpressure being applied
when the substrate reached 300"C. Just prior to growth, the RHEED pattern remained
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Figure 4.6: RHEED patterns from R196 H plasma trial after 17 min. expo-
sure.
streaky. The overpressure was switched to P, and growth was nucleated by opening the In,
Ga, and Si shutters. In this case, growth was nucleated successfully, and the RHEED pat-
tern remain good throughout the growth (other technical difficulties limited the quality of
final film). RHEED patterns throughout the growth are presented in Figure 4.7
DCXRD indicates reasonably good material quality and photoluminescence (PL)
shows optical emission from the GaAs active layer (Figure 4.8). As discussed in Section
6.2, this sample also produced efficient electroluminescence.
4.4.3 Trial 3 (Growth R252)
The success of R196 indicated that perhaps a higher substrate temperature during the
oxide removal was beneficial. The substrate temperature was thus increased to 350°C dur-
ing the oxide removal procedure. To ensure that the oxide in the dielectric growth wells
(DGWs) on the accompanied IC was also removed, the time for the plasma exposure was
chosen to be roughly twice the time at which a 2-D (streaky) RHEED pattern was gener-
ated by the bulk GaAs wafer.
A cleaved n+ wafer and a transceiver IC were In mounted, baked, and loaded into the
II-VI chamber for H plasma treatment. The plasma parameters are summarized in Table
4.3. The oxide removal process proceeded as in R196, but new effects were seen once the
(a) (b)
(d)
Figure 4.7: RHEED patterns from R196 H plasma trial. (a) After sam-
ple is transferred to III-V chamber and substrate temperature is raised
to 470°C under As overpressure. (b) Shortly after nucleation of InGaP,
a 2-fold reconstruction is visible. (c) During a growth interruption fol-
lowing 2.3 pm of InGaP. (d) GaAs cap layer after completion of entire
3.7 gpm LED structure.
Pressure (Base) 4.5x10 -7 (10-8) Torr
Power 350 W
Vbrightness 2.6-3.3 V
Tsubstrate  350 0C
Time 40 min
Table 4.3: H-Plasma Parameters for R252
sample was moved to the III-V chamber: When As overpressure was applied, at 300 0C,
the RHEED pattern became very spotty. At 470*C, growth of InGaP was initiated. The
RHEED pattern remained spotty for 30-50 seconds, then recovered to a streaky InGaP
RHEED pattern. However, after less than ten minutes of growth, the pattern began to look
C
00
C
oe-ra
00 i.4 1.5 1.6 1.7 1.8 1.9 2Theta (arc-sec) Energy [eV]
(a) (b)
Figure 4.8: (a) DCXRD from R196: LED structure grown on H plasma pre-
pared GaAs. The epitaxial GaAs and InGaP peak widths are only slightly
wider than the bulk GaAs, indicating reasonably high material quality. (b) 10 K
PL from R196. Optical emission from the GaAs core confirms good material
quality. PL was generated with a He:Ne pump laser; this line appears at the far
right.
spotty again, and eventually became very spotty and dim, indicating a rough surface. The
DCXRD results for this sample are indicative of an extremely high density of dislocations
(Figure 4.9(a)).
4.4.4 Trial 4 (Growth R254)
Since R252 used a higher substrate temperature, the surface may have been depleted
of As. R254 returned the substrate temperature to 320'C, the value used in R196. A sam-
ple was mounted, baked, and loaded as usual. Table 4.4 shows the H plasma parameters.
The treatment was stopped once RHEED produced the pattern in Figure 4.10. The exposer
time and RHEED pattern agree with those of R196. The pattern remained the same in the
III-V chamber, but when the sample was raised to 300'C and As was applied, the RHEED
pattern again became very spotty, as shown in Figure 4.11(a). Then, with the sample at
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Figure 4.9: (a) DCXRD from R252: LED structure grown on H plasma pre-
pared GaAs. (b) DCXRD from R254: Approximately 0.25 gm of InGaP on H
plasma prepared GaAs. Both films contain an extremely high density of dislo-
cations.
Pressure (Base) 6x10 -7 (10-8) Torr
Power 350 W
Vbrightness 3.5-3.6 V
Tsubstrate  320"C
Time 16 min
Table 4.4: H-Plasma Parameters for R254
Figure 4.10: RHEED patterns from R254 H plasma trial after 16 min.
exposure.
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Figure 4.11: RHEED patterns from R254 H plasma trial. (a) In the Il-V
chamber at 300"C under As overpressure. (b) After increasing substrate
temperature to 470"C. (C) After 15 min of InGaP growth.
4700C, the RHEED pattern recovered to a 2-D diffraction pattern, as in Figure 4.11(b).
Growth of InGaP was initiated and proceeded smoothly, but after around fifteen minutes,
the RHEED pattern again became spotty (Figure 4.11(c)). Growth was terminated at this
point. The DCXRD in Figure 4.9(b) again show the material to contain an extremely high
dislocation density. The surface morphology is pictured in Figure 4.12. The surface
defects resemble those generated by dust specks, but are far more dense than normally
experienced.
Figure 4.12: 1000X Nomarski micrograph of R254 surface. After H
plasma oxide removal, 0.25 pm InGaP was grown.
Pressure (Base) 7x10 7 (5X10-9) Torr
Power 350 W
Vbrightness 3.8 V
Tsubstrate 300"C
Time 22 min
Table 4.5: H-Plasma Parameters for R261
Ga 45.1%
As 49.7%
C 2.0%
0 3.3%
Table 4.6: AES results R261 after H plasma oxide removal
4.4.5 Trial 6 (Growth R261)
The poor results of R252 and R254 tend to indicate that the surface oxide was not
completely removed, in spite of indications from RHEED to the contrary. R261 tested this
hypothesis by repeating the plasma treatment of R254 and following it by Auger Electron
Spectroscopy (AES) to determine the surface composition. The substrate temperature dur-
ing oxide removal was also lowered but this did not appear to make a significant differ-
ence in removal time or growth behavior.
The sample was prepared and treated as before. The plasma parameters are given in
Table 4.5. The RHEED pattern after the treatment was identical to the previous cases, in
which the oxide was believed to have been removed. In fact, AES showed that the surface
composition included 3% oxygen (Table 4.6).
In spite of the presence of surface oxide, the sample was transferred to the III-V cham-
ber for growth. The sample behaved similarly to R254 prior to growth. Rather that con-
ventional nucleation of InGaP, GaAs was grown on a monolayer by monolayer basis.
While maintaining As overpressure, the Ga and Si shutters were opened for 5 s intervals,
corresponding to 1-2 monolayers. Growth was interrupted for a few minutes between
intervals. Oscillations of the RHEED intensity were clearly visible, by eye, for the first six
intervals. Beyond this point, oscillations could not be seen by eye, and by the tenth inter-
val the RHEED pattern was getting spotty.
The only clear conclusion that can be drawn from this is that the presence of a non-dif-
fuse RHEED pattern does not indicate complete removal of the GaAs native oxide.
4.5 Discussion
Two significant conclusions can be reached from the five trials: good quality material can
be grown on GaAs after using hydrogen plasma to remove the native oxide, and a non-dif-
fuse RHEED pattern does not indicate complete removal of the oxide.
The first point is clearly verified by R196, which produced efficient electrolumines-
cence results. The second point is seen in R261, and an explanation for why this occurs is
as follows: if the oxide was being removed nonuniformly, so that some crystal was
exposed amidst "islands" of oxide, then RHEED can still produce a streaky pattern. Since
the breadth of the electron beam is hundreds of microns (macroscopic on the size scale of
the crystal), such a surface would produce a RHEED pattern that is the superposition of
the sharp contribution from the crystal and a diffuse contribution from the oxide. This
would appear as a streaky RHEED pattern with poor, diffuse contrast, but this lack of con-
trast is difficult to judge by eye or to quantify.
The results of the other trials, however, are more difficult to interpret. There is a differ-
ence between R195, a one hour exposure, and R252, R254, and R261, which were signifi-
cantly shorter. The poor quality of R195 may be attributed to a rough starting surface, but
it seems unlikely that R254 and R261 were similarly roughened since plasma treatment
was not extended after seeing a streaky RHEED pattern. R261 suggests that the effects
seen in R252 and R254 were due to the presence of a surface oxide. R261 showed the
same spotty RHEED following growth nucleation as R252 and R254, and it is known to
have had some oxide coverage. The comparison is not conclusive since growth was nucle-
ated differently.
Suppose the residual surface oxide was not uniform, but rather speckled across the
GaAs surface in the form of small islands. If, in addition, some of the As had been
depleted, leaving the GaAs somewhat Ga rich, then when the As overpressure was
applied, stoiciometric GaAs would be formed. At such a low temperature (300'C) the sur-
face mobility is too low to smoothen the surface. The GaAs surface thus becomes rough,
resulting in the spotty, 3-D RHEED pattern. Then, when the sample is heated, the surface
mobility increases and the surface is able to smooth out, producing a 2-D RHEED pattern.
This explains the transient nature of the spotty RHEED pattern observed when R252,
R254, and R261 were placed under As overpressure at 300'C.
Now, when growth is initiated, polycrystalline GaAs is deposited on the oxide islands.
A spotty RHEED pattern is produced by a rough, polycrystalline material, and this pattern
coincides spatially with the streaky pattern generated by the single crystal, and thus
obscures it. The small specks of surface oxide nucleate polycrystalline material in the
same manner as dust specks. This explains the surface morphology of R254 on which a
very high density of dust-like defects is found.
4.6 Further Investigation
The investigation of hydrogen plasma oxide removal in this thesis is of a preliminary
nature. In the absence of accepted operating conditions, a broad parameter space was sam-
pled in order to establish a starting point. A much more systematic investigation is
required to fully understand the procedure and to establish the repeatability of the results.
If surface roughening is indeed an issue, an end point condition must be identified.
The use of the RF plasma source in the II-VI chamber complicated the investigation.
To continue the work, a thermal H2 cracker will be added to the III-V chamber. It is possi-
ble that this type of source is more gentle than the RF or ECR plasma sources, meaning
that the samples may be overexposed to the treatment to ensure complete oxide removal
without fear of surface damage. Also, the effect of As overpressure during oxide removal
may be investigated.
Chapter 5
Epi-on-Electronics Compatible Material Growth
5.1 Growth Procedures
5.1.1 Sample Preparation
The basic principles of material growth by molecular beam epitaxy are presented in
Appendix A. The present section summarizes, in general terms, the procedures for sample
preparation and growth used in this investigation.
All of the substrates used were two inch "epi-ready" n+-GaAs:Si from American Crys-
tal Technology. The epi-ready designation means that no degreasing or etching of the
wafer is needed before use.
Two inch wafers were cleaved into quarters and the unused stored in an evacuated can-
ister for later use. One or two quarter wafers may be mounted for growth, using indium
solder, onto a clean two or three inch silicon wafer. The two different sized silicon wafers
fit into two different sample blocks. On early runs (prior to R195), Riber three inch indium
free blocks were used. Growths after and including R195 used a two inch indium free
block designed for the II-VI reactor. This allowed samples to be loaded into the II-VI
chamber for hydrogen plasma oxide removal. For subsequent transfer into the III-V cham-
ber, a specially designed "transfer block" allowed the II-VI block to be mated with the III-
V transfer arm and manipulator.
The three inch Riber block was loaded directly into the intro-chamber of the III-V
reactor. This method did not allow the samples to be outgassed prior to being introduced
into the III-V reactor. Use of the II-VI block allowed the samples to be transferred through
a load-lock chamber, and a baking stage in the transfer chamber allowed these samples to
be outgassed to reduce residual impurities, such as water, and prevent their entrance into
the growth chamber. Samples were baked for one hour at 210"C.
5.1.2 Growth
The flow of liquid nitrogen through the growth chamber's cryo shroud is initiated at
the beginning of a growth run. Once the chamber is cold, the effusion cells that are to be
used are ramped up to their outgas temperatures, which is generally slightly greater than
the temperature used during growth, to drive off impurities. Flux measurements are made
on group-III cells at various temperatures. Flow of arsine (AsH 3) and phosphine (PH3) is
initiated next. The flow rates of each gas is controlled by a precision mass flow controller.
Both gases are then injected through a thermal cracker at 900"C. This produces arsenic
and phosphorus dimers, which provide group V overpressure during growth, and sub-
hydride species of AsH3 and PH3.
The sample is ramped to 300'C before AsH3 is switched into the chamber through the
cracker. When thermally desorbing the GaAs native oxide, the sample is ramped to 600°C.
Around 580"C, the oxide begins to desorb rapidly. On samples containing a GaAs buffer
layer, growth of GaAs is initiated at 600"C, and the substrate is ramped back down to
470"C for the remainder of the growth. Samples that did not use a GaAs buffer layer, but
rather an InGaP layer grown directly on the substrate surface, were ramped to 470"C
immediately after thermal desorption of the oxide. The corresponding procedure used in
hydrogen plasma oxide removal experiments is given in Chapter 4.
The growth rates used were nominally 0.4 or 0.5 gm/hr. for both InP and GaAs. The Si
and Be cell temperatures were set to yield doping levels of around 1018/cm 3.
Once the desired material layers have been grown, the substrate temperature is low-
ered to 100 0C. The arsine overpressure is removed at 3500C.
Particular attention must be paid to InGaP/GaAs interfaces. If an InGaP surface is left
under an As overpressure for more that approximately 3-5 seconds, arsenic begins to dis-
place the phosphorus at the surface. As this occurs, the RHEED patterns becomes spotty,
indicating a3-D surface. The pattern returns to a streaky, 2-D pattern once GaAs in grown
for a few seconds. The ultimate effects of phosphorus displacement at the surface is not
yet clear.
5.2 Material Quality
The quality of InGaP, GaAs, and InGaAs, grown at 4700C, have been investigated by dou-
ble crystal x-ray diffraction (DCXRD) and photoluminescence (PL).
5.2.1 InGaP
Unlike AlGaAs, which is essentially lattice-matched for any Al mole fraction, InGaP
is only lattice-matched to GaAs at In0.49Ga0.51P. Deviation from this composition results
in lattice strain. If the layer thickness of a strained material exceeds a critical value, then a
large density of dislocations, which act as nonradiative recombination centers, are pro-
duced. In the laser and LED structures, InGaP layers of up to 2.3 pm thick are used. To
achieve high InGaP quality, the InGaP composition must be controlled to within one per-
cent.
A DCXRD curve from a high quality GaAs/InGaP double heterostructure (R245) is
shown in Figure 5.1. R245 is an LED heterostructure consisting of a 2.3 plm of InGaP:Si
bottom cladding grown directly on the GaAs substrate, followed by a 0.6 gpm GaAs core, a
0.7 pm InGaP:Be top cladding, and a 0.1 plm GaAs:Be contact layer. The InGaP and GaAs
peaks are very closely spaced, indicating that InGaP was nearly perfectly lattice-matched
to the GaAs. The narrow full-width at half maximum (FWHM) of the peaks verifies the
high crystalline quality of this lattice-matched material.
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Figure 5.1: DCXRD curve for R245. The near overlap of the InGaP and
GaAs peaks means that the material are almost exactly lattice matched.
The roughly 50 arc-sec FWHM of the InGaP peak is comparable to that
of the combined GaAs core and substrate peak.
Lattice-matched In0 .49Ga0.5 1P has a bandgap of 1.9 eV at room temperature and 2.0
eV at 10 K. This means that it is not excited by a 1.959 eV He:Ne pump laser used in PL
measurements, and is not seen in Figure 5.2. The other available pump laser, a UV emit-
ting He:Cd laser, was absorbed by the GaAs cap layer and also did not pump the InGaP.
However, a 4 gm film (sample R83) of Ino.5Gao.5P, having 272 arc-sec separation between
the InGaP and GaAs substrate DCXRD peaks, was excited by the He:Cd pump laser and
had a PL peak FWHM of 8.8 meV [77].
5.2.2 GaAs
As seen in Figure 5.1, the GaAs core and GaAs substrate peaks are indistinguishable.
Within the resolution of this measurement, the GaAs crystalline quality is comparable to
that of the substrate.
The optimal growth temperature of GaAs is around 580"C. At 470"C, the reduced Ga
surface mobility may limit the optical quality of the GaAs. However, as seen in Figure 5.2,
the PL from the 470"C grown GaAs core of the LED heterostructure of R245, exhibited a
FWHM of 5 meV. The high quality of this GaAs is further corroborated by the LED
.4EE1u
8
6
4
2
1.5 1.6 1.7 1.8 1.9
Energy [eV]
Figure 5.2: 10 K PL of R245 LED heterostructure. A FWHM of 5 meV for
the GaAs peak indicates that high optical quality GaAs can be grown at
4700C. A He:Ne pump laser was used to excite the sample, and can be seen
at the far right of the spectrum.
results presented in Chapter 6.
5.2.3 InGaAs
To characterize the growth of InGaAs/GaAs quantum wells at 470 0C, a test structure
consisting of an InGaAs quantum well at the center of a GaAs p-i-n diode was prepared
(R161). Based on RHEED intensity oscillation data, the quantum well was 69 A of
In0.3Gao.7As. A DCXRD curve is shown in Figure 5.3. The presence of interference
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Figure 5.3: DCXRD curve for R161: 69 A In0 .3Ga0.7As/GaAs quantum
well grown at 470 "C. The interference fringes to the side of the GaAs and
InGaAs peaks indicate the formation of abrupt InGaAs/GaAs interfaces.
fringes to the side of the InGaAs and GaAs peaks indicate the formation of abrupt quan-
tum well interfaces.
The R161 quantum well 10 K PL emission was beyond the spectral range of the avail-
able low temperature PL measurement setup. A room temperature PL spectrum made on
another apparatus is shown in Figure 5.4. The FWHM of the quantum well and GaAs PL
peaks are consistent with thermal broadening. Theoretical values for the allowed interband
quantum well transitions are in agreement with the observed spectrum.
5.2.4 Conclusion
In conclusion, InGaP, GaAs, and InGaAs have been found to exhibit good crystalline
and optical properties when grown at 470"C by gas source MBE. The performance of
LEDs and laser diodes based on these materials will be examined in Chapter 6 and Chap-
ter 7, respectively.
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Figure 5.4: 300 K PL of a compressively strained In0.3Ga0.7As/GaAs
69 A quantum well grown at 4700C (R161). The FWHM of around 50
meV for the dominant peaks is consistent with thermal broadening. The
indicated quantum well transitions are in agreement with theoretical
energy level calculations. The sample was excited by an Ar+ pump
laser.
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Chapter 6
Light Emitting Diodes
Light emitting diodes are an attractive light source for optical interconnect applica-
tions that do not require high optical power. Laser diodes have significant light output only
for currents above a threshold. Below threshold, a laser has a vanishing efficiency, which
means that power must be spent in order to reach laser threshold with no return in terms of
optical output. Since LEDs do not have a threshold, low optical output powers can be pro-
duced more efficiently than with a laser. However, lasers are very efficient above thresh-
old, and readily overtake LEDs as more current is applied. Thus, the efficiency of the LED
determines the operating range over which it is useful. This chapter explores EoE compat-
ible growth of LED material.
6.1 Background
6.1.1 Efficiency
LED efficiency is defined as the optical power extracted per unit terminal current,
l=Pout/I. The efficiency of an LED is hampered by nonradiative recombination. The cur-
rent through an LED is the sum of radiative and non-radiative components. The radiative
current varies with voltage as eeV/kT whereas the nonradiative current varies as eeV/2kT
[78,79]. On a plot of log(I) vs. V, the radiative current varies with twice the slope of the
nonradiative current. For very low voltages, the nonradiative current is larger than the
radiative current. For a large enough voltage, however, the radiative current will exceed
the nonradiative current. At this point, a "kink" is observed in the log(I) vs. V curve. The
current at which this kink occurs is indicative of the density of nonradiative recombination
centers. Above the kink, radiative current dominates the total current, and a dramatic
increase in iT is observed.
6.1.2 AlGaAs-Based LEDs
As a point of reference, results pertaining to fully processed, EoE integrated LEDs
based on a GaAs/AlGaAs double heterostructure (DH) are presented. These devices are
representative of AlGaAs-based LEDs optimized for EoE integration. The device geome-
tries are sketched in Figure 6.1. Table 6.1 summarizes the relevant device dimensions and
gives operating parameters at 1 mA terminal current. The output power efficiency is plot-
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Figure 6.1: Layout of LED device structures fabricated from a GaAs/
AlGaAs double heterostructure on a Vitesse IC. LEDs 1 through 6 on the
left hand side of the upper row were tested. A mesa trench defines a 30 Jim
square mesa. The contact size and distance from the mesa edge of each of
the annealed Au/Zn ohmic contacts is tabulated in Table 6.1 [80].
LED Optical Efficiency Contact Current Min. Dist.Power x10 -6  Area Density Cont. to Mesa.[nW] [W/A] [gm2 ] [KA/cm 2] [jLm]
1 5.26 5.26 80 1.25 2.0
2 17.43 17.43 70 1.43 4.0
3 21.20 21.20 60 1.67 6.0
4 19.51 19.51 50 2.00 8.0
5 38.60 38.60 40 2.50 10.0
6 101.70 101.70 12 8.33 12.0
Table 6.1: EoE integrated GaAs/AlGaAs LED device dimensions and
operating characteristics. The device layout is shown in
devices are being operated at 1 mA [80].
Figure 6.1. The
ted as a function of terminal current in Figure 6.2 [80]. The power generated at 1 mA by
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Figure 6.2: Output power efficiency for fully processed, integrated
GaAs/AlGaAs LEDs. The device geometries for each led are pictured
in Figure 6.1 [80].
LED#6, the most efficient of the set, is adequate for some applications. However, a 1 mA
current is above the threshold of some lasers, so that the advantage of threshold-less oper-
ation is not being realized. The goal of this chapter is to develop material for higher effi-
ciency LEDs.
6.1.3 Test Structure
The test structure used to characterize the LED material in this thesis consists of a 500
lm diameter spot of Cr/Au ohmic metallization evaporated onto the surface of the sample
through a shadow mask. The sample is thinned by lapping and a back side Cr/Au contact
is evaporated. This type of structure may rightly be termed a "broad area" LED. Due to the
large contact area, the current density through the device is well known, however the
broad area contact also blocks most of the light that is generated. Only light that is emitted
around the perimeter of the contact is extracted. The current that generates this light is due
to current spreading. Thus, the current density involved in generating detectable light is a
fraction of the current density under the contact.
Consider a contact of radius 1, and suppose that the current spreads laterally by a dis-
tance d. Then, the total area pumped is n7(l+d) 2, while the area that is blocked by the con-
tact is I;12.Thus, the fraction of the pumped area that produces extractable light is
S(I + d)2 _ l2  dI - 2  (6.1)
72 1
If current crowding effects are ignored, the lateral spreading distance depends on the con-
ductivity of the upper cladding of the LED material and its thickness. Its dependence on
the contact size, 1, is a higher order effect. Thus, d can be assumed constant as 1 is scaled,
even down to the dimensions of the LED structures in Figure 6.1. As 1 is reduced from 500
gm to 5 pm, the extraction efficiency is expected to increase by a factor of 100. More pre-
cisely, since one side of the contact in the processed LEDs is not exposed, the ratio of the
extraction efficiencies of the fully processed and broad area LED structures is around 75.
6.2 Results
6.2.1 LED Heterostructures
Six GaAs/InGaP broad area LEDs, of varying material quality, will be compared with
an AlGaAs based LED structure. The heterostructures are summarized in Figure 6.3. The
InGaP based samples are essentially identical in structure, consisting of a 0.6 gm uninten-
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Figure 6.3: LED heterostructures of samples used for broad area LED study.
Rnnn are InGaP based material grown by GSMBE. R196 was grown on a
hydrogen plasma prepared substrate. 6042 is an AlGaAs based sample grown
by solid source MBE [80]. The superlattice is 10 periods of 25 A GaAs/ 25 A
A10.3Gao.7As.
tionally doped GaAs core between n- and p- doped InGaP claddings. All are grown on
thermally desorbed surfaces, with the exception of R196. R196 was part of a hydrogen
plasma oxide removal experiment. The primary difference in the AlGaAs based hetero-
structure is the 1.2 gtm rather than 0.6 gim core layer thickness. However, similar AlGaAs
based diodes with 0.6 gim cores have produced very similar results [81]. Also, the AlGaAs
based structure uses a superlattice to block threading dislocations nucleated at the sub-
strate surface [82].
6.2.2 LED Spectrum
A GaAs/InGaP DH device, R167, consisting of 0.2 gim of unintentionally doped GaAs
clad by 1 jim n- and p- doped InGaP layers, and with a 0.1 jim p+-GaAs contact layer was
used for an electroluminescence measurement. The spectrum is shown in Figure 6.4. For
I i
optical interconnect applications, the spectrum from the GaAs core must be detectable by
a suitable photodetector. Compatibility with metal-semiconductor-metal (MSM) photode-
tectors fabricated using the standard Vitesse process has been verified [80].
6.2.3 Material Quality
The InGaP samples were chosen on the basis of their PL spectra. Their GaAs core
emission peaks varied in intensity but were at or below 10 meV in width.
DCXRD rocking curves indicate that very good compositional control was maintained
in R245. R210 and R177 deviated from the lattice-matched composition by less than one
percent. R248 and R196 both contained In0.48Ga0.52P. At this composition, the critical
layer thickness for the nucleation of dislocations is predicted to be around 0.1 tm by the
force balance model [83,84] and around 20 pLm according to the energy balance model
[83,85]. It is not clear if the strain in these samples is affecting the material quality.
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Figure 6.4: Electroluminescence spectrum of GaAs/InGaP DH
device, R167. The spectrum is characteristic of the InGaP based
LEDs.
Finally, the R176 DCXRD curve indicates poor material quality, including the presence of
extra peaks.
It should be noted that timing problems during the computer controlled growth of
R176 and R177 resulted in the growth of group III rich material and/or material of the
wrong composition at the interfaces. This is thought to be manifest in the presence of
oval-shaped defects densely dispersed across the epi surface. In R196, an attempt was
made to mitigate this problem by increasing the growth interruption between the GaAs
and InGaP layers as the group-V gases were being switched. This led to the observation of
surface phosphorus displacement by arsenic during the interruption. The surface morphol-
ogy of R196 included small round defects, but since this sample was involved in a hydro-
gen plasma oxide removal trial, the source of these defects is not entirely clear.
6.2.4 Current - Voltage Response
The current vs. voltage plot for the seven samples is shown in Figure 6.5. The turn-on
voltage of the diodes is high due to large series resistances caused by poor metallization or
low doping. The resistance also appears to be somewhat inconsistent among the different
samples. This may be due to unequal lapping.
For the 500 glm diameter contacts, the current density at 0.1 A is 51 A/cm2. By com-
parison, current densities injected into the processed AlGaAs are in the KA/cm2 range for
appreciable output power levels. Thus, the broad area LED measurement are being per-
formed in a low current density regime. As discussed above, non-radiative current domi-
nates the total diode current at very low current levels. In this regime, In(I) is proportional
to V/2kT. At sufficiently high currents where radiative recombination is dominant, the
overall In(I) curve is proportional to V/kT. Thus, a kink in the In(I) vs. V curve identifies
the current density needed overcome the non-radiative regime. The position of the kink is
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Figure 6.5: Current - Voltage response of the 500 gm diameter broad area
LEDs tested. Large series resistances results in high turn on voltages.
indicative of the density of non-radiative recombination centers. A logarithmic I-V plot is
shown in Figure 6.6. Indeed, kinks are visible, but the large and inconsistent series resis-
tances, and significant heating, make accurate determination of meaningful kink points
difficult.
6.2.5 Light Output - Current Response and Efficiency
The measurement setup used for the light-current response of the broad area LEDs is
described in Appendix C. Figure 6.7 shows the light output power as a function of termi-
nal current. The six InGaP based devices can be placed in three categories. R176 and
R177 were of poor quality. Their commonality is the presence of poorly formed interfaces
resulting from problems in the growth. R196 and R248 performed well, but only about
half as efficiently as R210 and R245. The DCXRD curves of R196 and R248 both indicate
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Figure 6.6: Logarithmic I-V curve for the broad area LEDs tested. A kink
in these curves indicates the transition point from nonradiative to radiative
dominated recombination. High, inconsistent series resistance, and signifi-
cant heating makes the determination of kink points dubious.
that the InGaP composition was around In0.48Ga0.52P. R210 and R245 had InGaP within
1% of In0.49Ga0.51P lattice-matched composition. Both of these samples emitted similarly
large output powers. The AlGaAs based device, sample number 6042, had a similar
response, though not as poor, as R177.
A more revealing description of LED performance is a plot of efficiency vs. logarith-
mic current, as shown in Figure 6.8. A summary of the efficiencies at 0.1 A input current,
corresponding to 51 A/cm2, is given in Table 6.2.
The grouping of R176 with R177, R194 with R248, and R210 with R245 is born out in
the efficiency data. For currents below around 0.02 A (10 A/cm2), R210 is the most effi-
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Figure 6.7: Light output power vs. current for the broad are LEDs tested.
The curves are superlinear at very low currents, and become linear as the
radiative recombination current component dominates.
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Figure 6.8: Efficiency vs. logarithmic current for the broad area LEDs tested.
Efficiency
xl0-3 [W/A]
R176 0.04
R177 0.2
R196 0.7
R248 1.3
R210 2.5
R245 3.0
6042 0.3
Table 6.2: Broad area LED efficiencies at 0.1 A drive current.
cient device, while above this current R245 is somewhat more efficient. The source of this
disparity is unclear. The similarity between R196 and R248 is also very good at the lower
currents, but above 0.01 A (5 A/cm 2) the efficiency of R248 begins to increase more rap-
idly.
R196, R210, R245, and R248 have qualitatively similar efficiency curves. In all four
cases, the curve is superlinear at low current levels, then becomes linear, and eventually
tends to saturate. R176 and R177, as well as the AlGaAs based 6042 share a different
response. In the current range examined, the efficiency simply rises superlinearly. Com-
parison with Figure 6.2 shows that the same type of efficiency curve is observed for the
fully processed LEDs.
6.3 Discussion
The most unambiguous conclusion that can be drawn is that at an injection current density
of around 50 A/cm 2, a GaAs/InGaP LED can be up to a factor of ten more efficient than
the EoE-compatible GaAs/AlGaAs LED used for comparison. If a similar improvement
applies to fully processed LEDs, then much less current will need to be injected to achieve
the required light output, making such LEDs a valuable light source for optical intercon-
nect applications.
The high interface recombination velocity for low temperature grown GaAs/AlGaAs
interfaces is presumably the cause of the reduced efficiency of the AlGaAs based devices.
The similarity in the efficiency curves of the AlGaAs sample with R177 is consistent with
the suspected poor quality of the GaAs/InGaP interfaces in this sample. Furthermore, the
dissimilarity of the efficiency curves of the more efficient InGaP based devices tends to
confirm the formation of GaAs/InGaP interfaces with low interface recombination veloci-
ties.
With regard to the medium efficiency devices, R196 and R248, it can be noted that
R245 and R248 were nearly identical with the exception of the slight composition error in
R248. It is not clear how a deviation in composition of this magnitude affects efficiency.
Also, R248 was grown using 0.4 jm/hr InP and GaAs growth rates as opposed to 0.5 jm/
hr used for R245. This would increase impurity incorporation, but the magnitude of this
effect is not known. R196 had roughly the same composition as R248, and was grown at
the same, lower growth rate. The lower efficiency of R196 is probably due to the imper-
fect hydrogen plasma surface preparation procedure. Nonetheless, it is clear that the
hydrogen plasma oxide removal technique is compatible with the growth of high quality
LEDs.
As a final note, the extraction efficiency factor of d/l in (6.1) does not give a direct
conversion between the broad area and fully processed results. At 50 A/cm2, the AlGaAs
based broad area LED has around the same efficiency as the most efficient fully processed
LED does at nearly 10 KA/cm 2. It may be that at such high current densities, the assump-
tion that d remains constant as 1 is scaled may break down due to current crowding. An
increase in d results in an even greater efficiency improvement as 1 is reduced, but a larger
d also forces current near the etched mesa walls of the processed LED. If this were the
case, surface recombination would play an important role in the efficiency reduction.
Also, the presence of a dielectric layer over part of the processed LED surface may act as
an antireflection coating, resulting in reduced light extraction.
Chapter 7
Laser Diodes
7.1 Introduction
Laser diodes used in a densely integrated OEIC must operate with minimal power con-
sumption. Above threshold, laser diodes are very efficient, but power must be dissipated in
order to reach threshold. Therefore, reduction of the laser threshold current is of primary
importance in OEIC applications. As seen in Section 2.4, the reduction of Jth runs counter
to the development of high power lasers used for pumping EDFA. In fact, for low power
operation, a single quantum well separate confinement heterostructure (QW-SCH) may
prove to be optimal.
The heterostructure used in this work is shown in Figure 7.1. It is based on the struc-
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Figure 7.1: Strained InGaAs/GaAs/InGaP single quantum well separate
confinement heterostructure (QW-SCH) used in this work.
ture used by Zhang, et al., to achieve the very low threshold current density of 72 A/cm 2
[38,39]. In that work, the InGaP and InGaAs were grown at a substrate temperature of
500"C and the unintentionally doped GaAs was grown at 590"C. Following growth, the
sample was rapid thermal annealed at 900'C for 1 sec. to improve the quality of the
InGaAs quantum well. For EoE applications, the entire structure must be grown at or
below 4700C. The purpose of the present chapter is to demonstrate that high quality laser
diodes, as characterized by threshold current density, can be grown at this reduced sub-
strate temperature.
The operating principles of semiconductor laser diodes are described in Appendix B.
The broad area laser is, essentially, an implementation of a 2-D idealization. By using a
very broad stripe to inject carriers, almost all processing related dependences are removed.
Device performance depends only on material and facet quality. By using long optical
cavity lengths (usually close to 1 mm), the facet loss, prorated over cavity length, is small
in comparison to the material quality related loss. Since a large stripe area results in a large
terminal current, these devices can not be operated in CW mode without cooling due to
the large amount of power dissipated. At room temperature, pulsed operation is required.
Pulsed room temperature broad area threshold current is the most commonly reported fig-
ure of merit for semiconductor lasers.
7.2 Results
The material quality of InGaP, GaAs, and InGaAs epilayers, grown at 470"C, were dis-
cussed in Chapter 5. Based on these results, a QW-SCH laser structure was grown. Two
sets of broad area lasers were fabricated from this material. One set used thermally evapo-
rated Cr/Au as the ohmic contact to the p-type GaAs contact layer. A 98 plm wide stripe
was defined using standard lift-off techniques. On the second set, Ti/Au was sputtered on
the p-type GaAs, and the stripes were defined using a wet etch. The Au was etched using a
bromine based gold etchant, which does not etch Ti. The Ti was then etched in BOE. Since
the injected current must pass through the 1 pm top cladding layer before reaching the
active region, by assuming isotropic current spreading the lateral current spread may be
approximated as 1 pLm on each side of the stripe. Thus, the 98 pm stripe yields a 100 p.m
wide current injection region.
7.2.1 Laser Material Results
The laser material was characterized using double crystal x-ray diffraction (DCXRD),
photoluminescence (PL), and electroluminescence (EL).
A DCXRD curve for the strained InGaAs/GaAs/InGaP QW-SCH is shown in Figure
7.2. The precise compositional control needed to maintain tight lattice matching of the
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Figure 7.2: DCXRD for the strained InGaAs/GaAs/InGaP QW-SCH
laser heterostructure studied. The InGaP peak is just over 900 arc-sec to
the compressive side of GaAs. The DCXRD simulation corresponds to
53.3% In composition, as opposed to the target value of 49%.
InGaP to the GaAs substrate was not achieved in this sample. The In composition was
53.3% rather than the target value of 49% for lattice-matched InGaP. This resulted in the
presence of non-negligible strain in the material, as seen in the roughly 900 arc-sec sepa-
ration between the GaAs and InGaP peaks. The theoretical critical layer thickness for
InGaP at this composition is predicted by the force balance model to be less than 0.1 gLm
[83,84], and by the energy balance model to be around 2 Rpm [83,85]. The latter estimate is
consistent with experimental work on strained InGaP epilayers [83]. Total InGaP thick-
ness in the laser structure is 2 pm, raising the possibility of strain induced dislocations.
The manifestation of these defects on device characteristics remains to be seen.
PL results for the laser material are shown in Figure 7.3. The high In composition
reduced the InGaP bandgap. For lattice-matched InGaP, the low temperature PL peak
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Figure 7.3: 10 K PL of strained InGaAs/GaAs/InGaP QW-SCH laser hetero-
structure. (a) shows strong emission and narrow line width from the quantum
well. (b) shows emission from the GaAs core and doped InGaP claddings.
The position of the InGaP peak is below the nominal value of 2 eV for lattice
matched InGaP, in agreement with DCXRD results indicating excess In com-
position. A He:Ne pump laser was used in the measurement, and is visible at
the far right of the spectrum in (b).
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occurs at 2 eV and would not be excited by a 1.959 eV He:Ne pump laser, but a peak cor-
responding to the narrower bandgap of In0.53Ga0.47P is seen in this PL scan. The FWHM
of the InGaP peak is around 40 meV. Bulk epitaxial GaAs PL from a GaAs/InGaP double
heterostructure has been measured with a FWHM of 5 meV under identical measurement
conditions, and Ino.5Gao.5P (sample R83) was previously found to have a PL peak FWHM
of 8.8 meV [77]. The significantly broader peak may be indicative of the presence of strain
induced defects. The GaAs peak is at the expected value of 1.5 eV, but has a FWHM of 20
meV. Clearly, the optical quality of this material is less than optimal. The quantum well
produces a strong PL peak at 1.35 eV. The FWHM of the quantum well peak is 10 meV.
For high quality InGaAs quantum well samples, peak width of around 4 meV are expected
[86]. The FWHM of the present sample is roughly twice as wide, neglecting possible dif-
ferences in PL measurement resolution. Apparently, dislocations initiated in the InGaP
have not overwhelmingly degraded the optical quality of the InGaAs quantum well.
To study the quality of the InGaAs emission under electrical excitation, and to confirm
the operating wavelength of the laser, an EL spectrum was determined. Figure 7.4 is the
EL emission spectrum of the laser heterostructure. Light was produced at 0.99 Rlm, close
to the target value of 0.98 pm. The FWHM of the emission peak is around 50 meV, consis-
tent with thermal broadening.
DCXRD and PL results indicate that the InGaP cladding layers are not of optimal
quality due to poor lattice match. However, PL shows a reasonably narrow emission peak
from the quantum well; good laser performance may still be possible. EL confirms a cor-
rect emission wavelength.
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Figure 7.4: 300 K EL of strained InGaAs/GaAs/InGaP QW-SCH.
The FWHM is around 50 meV, consistent with thermal broadening.
The peak in energy at 1.25 eV corresponds to emission at 0.99 lm,
rather than the target value of 0.98 9Lm.
7.2.2 Laser Results
The pulsed mode laser characterization setup is described in Appendix C. The optical
power is believed to be underestimated by a factor or 2 to 3. This factor is not taken into
account in any value quoted here.
Figure 7.5 is a plot of light output versus pulsed current density for a number of broad
area devices fabricated from the strained InGaAs/GaAs/InGaP QW-SCH material. Among
the devices tested, the lowest pulsed room temperature threshold current density was 200
A/cm2 . It was obtained from a 792 gtm long device with Cr/Au ohmic contact metal. From
a 284 gLm device with Ti/Au ohmic contact stripe, 80 mW of output power per facet was
measured (not including the correction factor). This device did not fail during the test.
Devices with the same metallization and length produced consistent results.
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Figure 7.5: Pulsed room temperature light output power vs. input current
density for strained InGaAs/GaAs/InGaP QW-SCH broad area lasers.
Ohmic contact stripes were made with non-annealed Cr/Au or Ti/Au metal-
lization. Cavities of various lengths were tested. A low threshold current
density of 200 A/cm2 was attained with a 792 lm long Cr/Au contacted
device. A 284 grm Ti/Au contacted device output over 80 mW without fail-
ure.
As expected theoretically, the threshold current density diminishes with increasing
cavity length. However, a factor of two difference is seen in the threshold current density
between the Cr/Au and Ti/Au 792 glm devices. This level of threshold current fluctuation
is not uncommon for non-annealed ohmic contacts [86]. Although they had higher thresh-
old currents, the Ti/Au contacted devices were much more robust, achieving much higher
output powers than the Cr/Au contacted devices. This is attributed to the superior adhe-
sion of Ti and the greater thickness of Au in the Ti/Au scheme. The latter feature allows
more uniform current injection since the less resistive stripe metal provides better current
spreading.
7.3 Discussion
The 200 A/cm2 threshold current density is less that a factor of three above the 72 A/cm 2
reported by Zhang, et. at. [38,39]. This shows that state of the art laser diodes can be fab-
ricated under EoE compatible growth conditions.
The material used in this study was of reduced quality due to inaccurate InGaP compo-
sition. As shown in Chapter 5, higher quality material may be produced without any
change in growth conditions aside from the InGaP composition. Further investigation of
InGaP based lasers for EoE integration must begin with the growth of higher quality laser
material.
Aside from the inadvertent degradation of material quality, the performance of the
devices tested may have been sacrificed because the growth parameters used in this study
were not optimized to reduce threshold current. While the substrate temperature is dictated
by the constraints of the EoE thermal budget, optimization of the heterostructure, growth
rates, and group V overpressures may improve the laser's performance.
By comparison with the 200 A/cm2 threshold current obtained in this work, the
AlGaAs based laser optimized by Shenoy, et. al., for growth at 530'C by conventional
MBE techniques had a threshold current density of 1800 A/cm2 [5]. Using unconven-
tional, reduced overpressure growth, a threshold current density of 600 A/cm 2 has been
reported [15,16]. InGaP based laser diodes grown by conventional MBE techniques are,
thus, a very attractive choice for use as EoE compatible optical emitters.
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Chapter 8
Conclusion
8.1 Summary
The epitaxy-on-electronics (EoE) integration scheme has been previously used to success-
fully fabricate optoelectronic very large scale integration (OE-VLSI) circuits using
AlGaAs based LEDs and lasers. In EoE integration, device material is epitaxially grown
in foundry opened windows in the dielectric stack of fully processed VLSI GaAs MES-
FET circuits. The ICs used in this work were commercially fabricated by Vitesse Semi-
conductor, Inc. The reliability of EoE integration and the performance of the
optoelectronic integrated circuits (OEICs) produced has been hindered by three issues:
dielectric growth window (DGW) preparation, GaAs native oxide removal, and compro-
mised performance of EoE compatible grown AIGaAs based devices. The present work
refines the EoE integration technology by addressing these three issues.
8.1.1 Dielectric Growth Window (DGW) Preparation
The original procedure for DGW preparation used a foundry CF4/0 2 reactive ion etch
(RIE) of the dielectric stack to expose the GaAs substrate. This procedure left residues,
consisting of Si 2O, Si 3N4, and fluorinated hydrocarbons, in contact with the substrate.
These residues must be removed before growth. The DGWs were cleaned by additional,
gentle CF4/0 2 RIE etching followed by wet etching in buffered hydrofluoric acid (BOE).
The AlGaAs based device material grown in these DGWs had slightly degraded surface
morphology, as compared to material grown simultaneously on a bulk GaAs wafer, but
produced identical device characteristics.
Approximately one year after the successful application of the above DGW prepara-
tion method, the same procedure was used to ready ICs for the growth of InGaP based
emitters. All of the residue could not be removed with CF4/0 2 and BOE. Using BOE and
several hours of 02 plasma exposure the residues were removed, but the underlying GaAs
was seen to be roughened. The cause of the substrate roughening and the failure of the old
preparation method is hypothesized to be gradual etching of the GaAs by the fluorinated
hydrocarbons. InGaP based LED material grown in these DGWs had very rough morphol-
ogy.
A new DGW preparation technique has been developed. The foundry RIE etch is
stopped short of the GaAs substrate, preventing contact of the residue with the GaAs. The
remaining dielectric is then etched with BOE. Using this procedure, DGWs have been pre-
pared with no visible morphology, and material grown in these DGWs has identical mor-
phology as material grown simultaneously on bulk GaAs.
8.1.2 Low Temperature GaAs Native Oxide Removal
Vitesse GaAs MESFET circuits degrade in performance when exposed to tempera-
tures above 470'C. In conventional MBE practice, the GaAs native oxide is removed prior
to growth nucleation by briefly elevating the sample to 580°C. This oxide removal process
degrades the electronics. A low temperature GaAs native oxide removal process was
investigated in order to eliminate electronic device degradation. This new oxide removal
process uses atomic hydrogen, in a H2/Ar fed RF plasma, at substrate temperatures around
300"C. This thesis shows that high quality material can be grown after low temperature
oxide removal using atomic hydrogen.
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8.1.3 EoE Compatible Growth of Light Emitters
InGaP based LED material, grown entirely at 470"C, was compared with a similar
structure based on AlGaAs using broad area structures. The efficiency of the best GaAs/
InGaP LEDs was roughly a factor of ten better than the GaAs/AlGaAs LED material
tested.
A strained InGaAs/GaAs/InGaP quantum well separate confinement heterostructure
(QW-SCH) was grown and processed into broad area lasers. A low threshold current den-
sity of 200 A/cm2 was measured. Grown entirely at 470"C, these devices performed com-
parably to similar devices grown under optimized conditions, and represent a significant
improvement over AlGaAs based laser diodes grown at 530"C.
8.2 Further Investigation
There are two primary areas for further investigation: low temperature oxide removal and
the integration of high performance light emitters.
Low temperature oxide removal is at an early stage of its development, both within
this research group and throughout the MBE community. A procedure to completely and
with repeatability remove all surface oxide without damaging the GaAs substrate must be
developed. Because it is potentially more gentle to the substrate, thermally cracked H2
may prove to be more compatible with subsequent growth than the hydrogen plasma
source used in the present work.
The integration of the LEDs and laser diodes developed in this thesis into functional
OEICs is an immediate research objective. Further refinement of these devices, and the
development of more advanced devices should follow. In particular, vertical cavity surface
emitting lasers (VCSELs) are recognized as excellent light sources for optical intercon-
nect applications due to their narrow, circular emission patterns and low threshold cur-
rents. A small footprint and inherent vertical emission eases the integration of VCSEL as
compared to in-plane lasers. The availability of an integrated VCSEL will open important
optoelectronic systems applications to EoE integration.
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Appendix A
Molecular Beam Epitaxy
Molecular beam epitaxy (MBE) is a technique used to grow semiconductor crystals.
At its core, a MBE system is similar to a simple thermal evaporator, as may be used for
metal deposition. In an evaporator, a sample is placed in line-of-sight of "boats" contain-
ing the source material. With the chamber background pressure in the high vacuum regime
(10-6 Torr range), the boats are heated in order to desorb material from the sources. The
desorbed material propagates to the target where is adheres, forming a thin film.
MBE differs from thermal evaporation in two fundamental ways: 1) the use of an
ultrahigh vacuum environment, and 2) material is not deposited, but epitaxially grown.
A.1 The GSMBE System
The growths in this thesis were carried out in a Riber Instruments, SA, 32P gas source
MBE (GSMBE) machine. GSMBE differs from solid source MBE in that the group-V
sources are derived from the thermal cracking of arsine (AsH 3) and phosphine (PH3). The
solid source effusion cells are still used for the group-III and dopant elements.
The III-V GSMBE chamber is part of an integrated III-V/II-VI epitaxy system. As
shown in Figure A.1 the second GSMBE chamber is equipped for the growth of II-VI
compound semiconductors. The II-VI chamber also contains a hydrogen plasma source
used in the low temperature oxide removal experiments of Chapter 4. A closer look at a
GSMBE chamber is given in Figure A.2, where in addition to the effusion cells, the cham-
ber also has a thermal cracker through which arsine and phosphine are injected.
A.2 Ultrahigh Vacuum Environment: Monolayer Control
Unlike thermal evaporation, which is carried out in a bell jar, MBE uses an ultrahigh vac-
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III-V Reactor
ZI-VI Reactor
Introduction
Figure A.1: The III-V GSMBE reactor used in this thesis is part of an
integrated III-V/II-VI epitaxy system. The III-VI reactor is connected,
in situ., to another GSMBE chamber equipped to grow II-VI compound
semiconductors. The II-VI chamber also contains the hydrogen plasma
source used to investigate low temperature oxide removal. Figure A.2
details the III-V reactor.
uum (UHV) system. Base pressures (not during growth) are around 10-10 Torr. To main-
tain such low pressures, MBE chambers are outfitted with various pumps, including a
liquid nitrogen cooled shroud inside the chamber. A tremendous amount of time and
money must be exerted to outfit and maintain such a system.
What is the benefit of UHV? During growth, chamber pressures of around 10-6 Torr
are experienced in GSMBE. At this pressure, the mean free path of a particle in the cham-
ber is 30 m. Atoms are emitted from the sources with thermal velocities of 500 m/s. This
means that the time of flight from a cell to the substrate, roughly 0.25 m away, is less than
1 msec. Now, typical growth rates in MBE are around 1 gtm/hr, or around 1 monolayer/sec
(ML/s). By placing a shutter, which can be opened or closed in around 0.1 sec., in front of
the cells, growth can be controlled with monolayer precision [56].
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Figure A.2: Molecular beam epitaxy (MBE) chamber. Figure from
[87].
The very low base pressures in MBE mean a very low concentration if impurities in
the chamber. These impurities are incorporated into the growing crystal much slower that
1 jtm/hr. If higher base pressures were used the impurity concentration would be higher.
Also, the growth rates would have to be reduced in order to allow monolayer control.
Material grown in this way would contain a high impurity concentration.
Thus, a UHV environment allows the growth of high purity compound semiconduc-
tors with control of layer thickness on the monolayer scale. The ability to control layer
thicknesses with such precision is what allows the fabrication of sophisticated compound
semiconductor devices such as quantum well laser diodes.
An additional advantage of operating in an UHV environment is that the growth sur-
face can be monitored, in situ, using a diffraction pattern from a high energy electron
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Liquid nitrogen
beam. This is referred to as reflection high energy electron diffraction (RHEED) and will
be discussed below.
A.3 Crystal Growth
High performance semiconductor devices rely on semiconductors with long range order.
In thermal evaporation, films simply adhere to the sample forming an amorphous film,
which is not acceptable for most semiconductor device applications. In compound semi-
conductors, such as GaAs, there is the additional issue of stoichiometry. This section
describes the growth mechanism for stoichiometric III-V compound semiconductors. The
growth process can be broken up into the steps of beam generation, adsorption, and crys-
tallization. These steps are discussed below.
A.3.1 Beam Generation: Beam Equivalent Pressure
Molecular beams of group-III elemental source material are produced by heated effu-
sion cells. The flux of these species typically determines the growth rate, and is set by con-
trolling the temperature of the effusion cell. Experimentally, the flux is characterized by
placing an ionization gauge, a type of pressure meter, at the position of the substrate. The
pressure produced at the substrate by species emitted from a cell is called the beam equiv-
alent pressure (BEP). For growth rates of around 1 jm/hr, the BEP of In, Ga, and Al are
all on the order of 10-7 Torr, as tabulated in Table A.1 [56].
In GSMBE, the group-V atoms are produced by thermally cracking arsine and phos-
phine. The flow rate of these gases is precisely controlled by a mass flow controllers.
BEPs for As and P can not be determined, however, since they are accompanied by a large
amount of hydrogen gas which was produced from the cracking.
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Cell Temperature ["C] BEP x10 -7 [Torr]
In 750-900 1-5
Ga 950-1050 1-3
Al 1050-1150 1-5
Table A.1: Typical effusion cell operating
temperatures and corresponding beam equivalent
pressures [56].
A.3.2 Adsorption: Control of Stoichiometry
To achieve high material quality, the number of group-III and group-V atoms incorpo-
rated into the crystal must match within 10 ppb. This is referred to as stoichiometric
growth. Group-III fluxes, however, can only be controlled to within 1% [56]. Under these
circumstances, stoichiometric growth would be very difficult, if it were not for a beautiful
twist of nature: by a judicious choice of the substrate temperature and source BEPs, a con-
dition results in which all group-III elements arriving at the surface are adsorbed while
group-V elements are adsorbed only to the point of exactly balancing the group-III ele-
ments present on the surface. In this case, the group-III elements are said to have a unity
"sticking coefficient" while the group-V elements have sticking coefficients much less
than one.
What is the origin of the sticking coefficients of the group-III and group-V elements?
Consider, for example, liquid Ga on an inert substrate in thermal equilibrium with its envi-
ronment. At a given temperature there exists a certain partial pressure of Ga vapor over
the liquid Ga. This pressure is called the "vapor pressure", and is required to maintain a
balance between adsorption and desorption of Ga from the liquid. If the partial pressure of
Ga vapor is below the vapor pressure, Ga will desorb from the surface in an attempt to
achieve thermal equilibrium. If, by external means, the partial pressure of Ga vapor over
the liquid Ga is increase above the vapor pressure, Ga will adsorb onto the surface. In
GSMBE, the partial pressures of the group-III constituents are related to the BEP, and the
partial pressure of group-V constituents is linked to the gas flow rate.
The vapor pressures of the group-HI elements Ga, In and Al, the group-V elements As
and P, and the dopant Si are plotted versus temperature in Figure A.3. The vapor pressures
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Figure A.3: Vapor pressure as a function of temperature for group-III
(Ga, In, Al), and group-V (As, P) elements used in some III-V compound
semiconductors. Also shown is the data for the group-IV element Si,
which is an n-type dopant in III-V semiconductors.
of the group-V elements, As and P, are seen to be many orders of magnitude greater than
the group-III elements. This fortuitous discrepancy allows for the growth of stoichiometric
III-V compound semiconductors. Consider the growth of GaAs at a substrate temperature
of 600"C. As seen in Table A.1, the BEP of Ga is around 10-7 Torr for reasonable growth
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rates. The equilibrium vapor pressure over the substrate at 600"C is, according to Figure
A.3, is around 10-8 Torr. Because the partial pressure of the Ga vapor, which is set by the
BEP, is an order of magnitude greater than the equilibrium vapor pressure, Ga must adsorb
to the surface. In fact, nearly all of the Ga arriving at the surface is adsorbed, thus the unity
sticking coefficient value. The adsorption of Ga is said to be "arrival rate limited".
Arsenic, however, has a vapor pressure at 600"C that is many orders of magnitude
greater that the available As partial pressure. The As partial pressure required to force
adsorption of As exceed even the GSMBE total chamber pressure of around 10-6 Torr
during growth. There is no way, at such pressures and temperatures, to maintain an ade-
quately high partial pressure of As to force adsorption. In fact, As on the surface will
readily desorb. Of course, As must adsorb if a crystal is to be grown. The mechanism is
not thermodynamic, however, but chemical. While elemental As is not stable on the sur-
face due to its high vapor pressure, GaAs is stable for substrate temperatures below the
GaAs congruent sublimation temperature of 580"C-600"C [56]. Arsenic will bond with Ga
on the surface of the substrate to form GaAs. Thus, only as much As is adsorbed as there is
Ga on the surface, and perfect stoichiometry is maintained.
A.3.3 Crystallization: Surface Mobility
As stated above, group-III elements adsorb to the substrate due to their low vapor
pressure while group-V elements only adsorb as a result of crystal formation. The
adsorbed group-III atoms are referred to as adatoms. Adatoms migrate on the substrate
surface due to thermal motion. Through their random motion, the adatoms "feel" the
underlying crystal surface and find low energy minima corresponding to group-III lattice
sites. Since an ample supply of group-V species is present above the surface, a III-V pair
incorporates into the crystal when the adatom finds a suitable lattice site.
A monolayer is one half of a unit cell, and consists of a group-IIi and a group-V layer.
Monolayer growth proceeds through the formation of monolayer islands. New adatoms
migrate on the surface until they come to rest at the edge of an island. The islands grow in
area until they coalesce and completely cover the growth surface.
The surface mobility of adatoms is an important factor in determining material quality.
To maintain ideal, 2-D growth, the surface diffusion length of the adatoms must be greater
than the distance to an island edge, otherwise multiple-monolayer variations will exist
across the surface (3-D growth). For a given group-III species, the surface mobility is
affected by the substrate temperature and the group-V overpressure. Increasing the sub-
strate temperature increases adatom mobility by providing more thermal energy. Increas-
ing group-V overpressure decreases adatom mobility by providing more frequent
opportunities for group-III/group-V interaction.
When the growth rate is slow enough, that is when the surface diffusion length greatly
exceeds the average distance between islands, adatoms fill in essentially all lattice sites on
the surface before a new monolayer is initiated. Thus, an atomically smooth surface is
achieved at the end of each monolayer of growth. This is termed 2-D growth. As the
growth rate is increased, the diffusion length decreases such that the group-III/group-V
pairs are incorporated into the crystal before an atomically smooth surface is formed. In a
sense, several monolayers are grown simultaneously. This is known as 3-D growth as the
growing surface is rough.
A.4 Reflection High Energy Electron Diffraction (RHEED)
A.4.1 In Situ Surface Characterization
As shown in Figure A.2, a RHEED gun accelerates electrons to 10 KeV and focuses a
beam onto the substrate at an oblique angle. The electron beam is diffracted from the sur-
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face and forms an image on a phosphor screen at the opposite side of the chamber. This
diffraction pattern is a reciprocal space representation of the surface lattice structure. If the
surface is atomically smooth (the electron beam samples only the top couple of monolay-
ers of the crystal) a streaky, 2-D diffraction pattern is formed. If the surface is rough a
spotty, 3-D diffraction pattern results. The RHEED diffraction pattern thus monitors the
quality of the crystal surface.
A.4.2 RHEED Oscillations
As explained in A.3.3, MBE crystal growth proceeds through island growth. When
one half of the surface is covered with islands, the surface is maximally rough. The
RHEED electron beam is more broadly diffracted by this surface than by the atomically
smooth surface present at the completion of a monolayer. Thus the intensity of the
RHEED diffraction pattern is modulated as growth proceeds due to the periodic variation
in surface roughness. In particular, the intensity of the specular diffraction spot (that is, the
direct reflection of the beam) is seen to oscillate, reaching a maximum at the completion
of each monolayer. By tracking the intensity of the RHEED pattern, the growth of the
crystal can be monitored precisely.
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Appendix B
Laser Diode Theory
Any laser consists of a gain medium, a wave guiding structure, and a set of partially
reflecting mirrors for optical feedback. In the case of semiconductor laser diodes, gain is
produced by electrically pumping a specially designed heterostructure. Wave guidance
transverse to the plane of the device is achieved by a slab dielectric waveguide incorpo-
rated into the heterostructure. In the device plane, a guiding structure is fashioned litho-
graphically. Optical feedback is produced by using the inherent crystallographic cleave
planes to form facets.
This appendix presents a basic explanation of laser operation. Using the device struc-
ture of Chapter 7, a simple model of the laser diode is developed. This treatment is far
from adequate for a complete understanding of laser physics, but rather puts in context the
specific applications of this theory in the present work. For a formal development of this
material reference should be made to [88,89,90,91,92,93].
B.1 Basic Laser Operation
Consider an optical cavity formed by a wave guiding medium sandwiched between two
partially reflecting mirrors, with field reflection coefficients R1 and R2, as in Figure B.1.
The medium has optical power loss aOnt, but a portion of the medium is externally pumped
to produce optical power gain, g. This gain medium consists of a two level quantum
mechanical system. External pumping increases the occupancy of the upper level. Carriers
in this level relax to the lower level, releasing a photon, by either spontaneous or stimu-
lated emission. Carriers in the lower level may be excited to the upper level through the
process of absorption. Optical gain is produced when stimulated emission exceeds absorp-
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LFigure B.1: A prototypical laser. An optical cavity is formed by two
partially reflecting mirrors, with field reflection coefficients R1 and
R2 , sandwiching a medium with power loss int. A portion of the
medium is externally pumped to produce optical power gain g. A
standing wave is produced by the superposition of backward and for-
ward propagation waves.
tion.
Consider an optical mode propagating in the guiding structure between the mirrors.
The complex valued wave number for the traveling wave is
k = K - ineffk0  (B.1)
where neff is the effective index of refraction of the wave guide and ko=2•/A with X the
free space wavelength. The real part of the wave number, xK, produces the exponential rise
or fall of the optical field intensity due to loss or gain in the medium. It is given by
I g - a•inFK - (B.2)
2
The factor of 2 converts power gain/loss to field gain/loss. The optical confinement factor,
IF, accounts for the fact that only a fraction of the field interacts with the gain region.
As an optical wave front makes a round trip through the cavity, its amplitude and
phase are modified by two passes through the medium and reflection from each mirror.
The phasor describing the field is modified by the factor
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Rie IR2eL = RR2e (rg- a,,) L e-i2n•fkoL (B.3)
To obtain a self-consistent solution, the wave front must return to its original phase and
amplitude upon completion of a round trip. This means that the factor in (B.3) must equal
one. Thus we have
(rg -a,,in) L
RIR 2e = 1 (B.4)
2nfefAL = m2x (B.5)
where m is an integer.
Substituting ko in (B.5) gives
S= 2nL (B.6)
m
which establishes what wavelengths of light may exist in the cavity. The laser can only
operate at one of these allowed wavelengths. For a typical in-plane laser diode the cavity
length, L, is much greater that X, so the wavelength spacing is fairly small.
Solving for g in (B.4) gives the threshold gain, gth
gth = ,int + 1ln-•2L ) (B.7)
As light bounces back and forth between the mirrors it suffers loss due to absorbtion in
the medium and due to extraction through the mirrors. Suppose external pumping is small
so that g is less than the total loss. In this case, the field exponentially diminishes to zero.
The power being pumped in is primarily spent in spontaneous emission.
By increasing the external pumping, g is increased. At the point where g exactly bal-
ances the total loss, spontaneously emitted light is able to make complete round trips with-
out decay. As it does so, it produces stimulated emission of the same phase. A stable state
is reached in which all light that is absorbed in the material or extracted from the mirrors is
balanced by stimulated emission. With g=gth, the laser is at its threshold. Any additional
increase in pumping beyond this point does not produce greater gain, but rather allows the
generation more light through stimulated emission. If g was to be larger than the total loss,
the field would grow without bound, which is not possible in steady state. The mechanism
by which g is clamped is as follows: since the stimulated emission rate increases with field
intensity and field intensity increases with stimulated emission rate, a positive feedback
loop is formed, but the stimulated emission rate is limited by the external pumping rate, so
the increase in field intensity is clamped and stable operation is observed. The stimulated
emission rate for the lasing modes increase drastically, while the emission rate into the
other modes remains small in comparison. All carriers now recombine into the waveguide/
cavity mode(s) that satisfy the lasing condition. By designing the waveguide to support a
single propagating mode, all radiative recombination may be efficiently coupled into a
well-directed output beam. It is this phenomenon that gives lasers their great above thresh-
old efficiency.
In summary, externally applied pumping initially increases the gain and produces
spontaneous emission. Once g=gth, gain exactly balances the total loss in the cavity and is
clamped at this value. Beyond this point additional pumping is transferred to coherent
light output from the laser.
B.2 Broad Area Laser Diodes
A broad area laser is one in which the optical cavity is formed from a planar, 2-D
waveguide structure. This is accomplished by patterning a wide (-~ 100 Rm) ohmic contact
on top of the laser heterostructure (to be described next). The wafer is lapped to reduce
series resistance and ease facet cleaving, and a back side ohmic contact is applied. Finally
facets are formed by cleaving the sample perpendicular to the stripes. A broad area laser
diode based on the InGaAs/GaAs/InGaP QW-SCH used in this thesis is schematically
shown in Figure B.2.
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0.1 pm p+-GaAs contact layer
1.0 pm p+-InGaP cladding
0. 1 gm uid-GaAs core
60 A InGaAs quantum well
0.1 p.m uid-GaAs core
1.0 gm n+-InGaP cladding
n+-GaAs substrate
Figure B.2: Broad area laser diode based on InGaAs/GaAs/InGaP quan-
tum well separate confinement heterostructure (QW-SCH). Following
growth of the device structure, a broad ohmic contact stripe is photolitho-
graphically patterned. The substrate is thinned by lapping and a back side
ohmic contact is made.
Typical cavity lengths are several hundred microns to over one millimeter. By making
the cavity very long (-~ 1 mm) the loss from the end facets become insignificant compared
to material losses. The broad area laser is thus important because it allows accurate com-
parison of laser heterostructures and material quality.
Static laser operation is summarized in a plot of the light output versus the current den-
sity input. This is referred to as an L-I curve. An example is given in Figure B.3. The ideal
laser, under static operation, is thus characterized by its threshold current density, Jth, and
its above threshold external efficiency, lext-
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100 gm
L [W]
Stimulated Emission
Illext
J [A/cm 2]
Figure B.3: Ideal laser diode light vs. current density (L-I) curve. For
J<Jth, spontaneous emission is produced; this is an inefficient process.
Above threshold (J>Jth) the device lases and coherent light is gener-
ated with a slope efficiency of Tlext.
B.3 The Separate Confinement Heterostructure
As discussed above, a laser is composed of a waveguide structure, a gain medium, and
partially reflecting mirrors for optical feedback. To fabricate semiconductor lasers, the
mirrors are formed by using the inherent cleave planes of the crystal to form very smooth
facets. In-plane waveguiding is normally achieved by fabricating a type of stripe
waveguide.
The semiconductor heterostructure serves two purposes: confinement of an optical
mode and generation of optical gain (which requires the confinement of electrical carriers
in the active region). In this section, the basic quantum well separate confinement hetero-
structure (QW-SCH) is described. As seen in Figure 7.1 and Figure B.2 for the case of
InGaP based lasers, the QW-SCH consist of a quantum well (InGaAs) at the center of a
core region (GaAs), which is in turn surrounded by wide cladding regions (InGaP). The
term "separate confinement" refers to the fact that the optical field and the electrical carri-
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ers are confined by different layers. Various other important design modifications, pre-
sented in Section 2.4, allow optimization of the optical mode profile and carrier injection
efficiency. Figure B.4 summarizes both the optical mode confinement and current genera-
tion features of the QW-SCH.
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Figure B.4: Optical and electrical operation of QW-SCH. The varia-
tion of the material index of refraction, n, throughout the SCH is
shown in (a). The high refractive index GaAs core and low index
InGaP claddings form a dielectric slab waveguide to confine the opti-
cal mode. (b) shows the conduction and valence band profiles. The
quantum well confines injected carriers where they recombine by
stimulated emission.
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B.3.1 Optical Confinement
A dielectric slab waveguide is formed by the high refractive index GaAs core and the
low index InGaP claddings. Normally, a GaAs contact layer on top eases ohmic contact
formation and the structure sits on a GaAs substrate. Rigorously, this makes the
waveguide lossy, but the field falls off exponentially in the cladding layers and has little
interaction with these outer GaAs layers. Also, the presence of the quantum well is a very
small perturbation on the waveguide. Thus the analytical solution to the three layer case is
a very good approximation to the mode profile within the QW-SCH.
In-plane semiconductor lasers emit in the transverse electric (TE) mode. This mode is
favored because the facets reflect TE radiation more efficiently than TM radiation. Fur-
thermore, in quantum well devices, only the TE mode produces stimulated emission due
to the selection rule for the recombination process. For wave propagation in a symmetric
three layer waveguide, the electric field profile is a peaked sinusoid at the center of the
core and exponentially decays in the claddings, as depicted in Figure B.4. The optical con-
finement factor, F, is the ratio of the integral of IE12 over the quantum well with respect to
the integral over the entire structure. In determining gain, it is IE12 that drives the stimu-
lated emission process. Thus the F ratio accounts for what fraction of the field actually
interacts with the gain medium.
B.3.2 Electrical Confinement
The electrical carriers are confined in the quantum well where they recombine radia-
tively by stimulated emission. Under high injection, as is usually the case, the bands are
essentially flat [94]. Electrons and holes are transported through the heavily doped n- and
p-type claddings by drift. They are injected into the intrinsic GaAs region where they dif-
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fuse into the quantum well and, ideally, are captured and radiatively recombine. Excess
carriers present a large deviation from thermal equilibrium only in the intrinsic core and
active regions. Since recombination processes act to return a system to equilibrium, the
material quality in regions containing large numbers of minority carriers is very important
to device performance. These regions include the undoped core and quantum well regions
and the interfaces between the core and claddings.
B.3.3 Gain
In a two level system, electron-photon interactions proceed through three processes:
stimulated emission, absorption, and spontaneous emission. Transition rates are given in
terms of the Einstein A and B coefficients [88], which must be calculated quantum
mechanically using Fermi's Golden rule with the electromagnetic interaction Hamiltonian
[93]. The probability of stimulated emission and absorption are determined by identical B
coefficients and are proportional to the square of the electric field magnitude, IE12. The
probability of spontaneous emission is determined by the A coefficient, which is propor-
tional to the B coefficient. All rates depend on the availability of initial and final states.
Since absorbtion and stimulated emission depend on the same constant, the only way to
achieve gain is to maintain "population inversion", that is, to have more carriers in the
upper level. In the case of semiconductor lasers where the two levels are actually the con-
duction and valence bands, the Bernard-Duraffourg condition specifies the transparency
point, at which gain equals material loss. This condition states that the difference in the
quasi-Fermi levels must exceed the energy of the transition.
Due to the proportionality between the A and B coefficients, gain is proportional to the
spontaneous recombination rate, Rsp. In turn, Rsp is approximately proportional to n/tsp.
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So, gain is proportional to carrier concentration n. And since n is proportional to the
injected current density, we have
g = int(J-Jt (B.8)d
where d is the thickness of the quantum well, Jtr is the "transparency" current density at
which the Bernard-Duraffourg condition is met, 3 is the linear differential gain coefficient,
and rlint is the "internal quantum efficiency". rlint represents the fraction of electrons
injected at the terminals that are converted to photons by stimulated emission, and is a
function of the heterostructure and material quality.
B.3.4 Threshold Current Density, Jth
By combining (B.7) and (B.8), the threshold current density can be written as
Jth = Jtr + d (aint+ 1fn (B.9)
Thus, Jth depends on the heterostructure design and material quality through Tlint and cin t.
R1 and R2 are nominally 1/3 for III-V semiconductor to air interfaces. r, d, and L are
design parameters, and 0 depends on the choice of quantum well structure.
B.3.5 External Efficiency, Trext
As defined above, ~lint converts terminal current to photon generation rate. The optical
power emitted from the quantum well is thus
Lint =A (J- Jth ) hv  (B.10)
where A is the active region area. To convert to output power, the photon extraction effi-
ciency must be factored in. This is the ratio of photons lost through the facets to the total
loss of photons. Thus
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LL RR2L = Lint  1(B.11)
2L k. R1R2)
The external efficiency is defined as the fraction of electrons injected at the terminal that
are extracted. It can be determined experimentally from the L-I curve using
d( L
1 rext A (B.12)
d - (J- Jth)
Analytically this reduces to
1 1 1 aint L(B.13)
where it has b en assumed th ext RRRi t
where it has been assumed that RI=R2=R.
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Appendix C
Device Characterization
C.1 LED Characterization
Figure C. 1 is a sketch of the setup used to characterize the electrical and optical character-
istics of the broad area LED structures and fully processed and integrated AlGaAs based
LEDs discussed in Chapter 6. A computer collects data from an HP 4145 parameter ana-
Optical Power Meter
Probe
(p-con
(n-contact)
Figure C.1: Measurement setup for broad area LED characterization. The
sample, with back side ohmic metal, sits on the probe station stage, which
makes the n-side contact to the diode. The surface of the sample is metallized
with 500 pm diameter spots which are probed by a specially angled probe tip.
The head of an optical power meter is place around 4 mm from the sample. An
HP 4145 parameter analyzer, connected to a computer, controls the voltage
applied and monitors the current between the probe tip and stage. The output
of the power meter is also controlled by the HP 4145.
lyzer. The HP 4145 controls the voltage applied between the probe that is placed on the
device's p-type contact and the probe station's stage. The current through the device is
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monitored to yield the diode's current-voltage characteristics. To monitor the optical out-
put, a Coherent model 212 power meter is placed approximately 4 mm from the sample.
The active area of the detector is 7 mm in diameter and is set back around 7 mm into the
head of the detector.
C.2 Pulsed Laser Characterization
Pulsed room temperature characterization of the broad area laser diodes discussed in
Chapter 7 used 1 gs pulses at a 1 KHz repetition rate yielding a duty cycle of 0.1%. The
pulses were generated by an Avtec pulse generator triggered by a frequency generator. The
pulse amplitude was set by a computer. The pulses are applied across the diode, as
sketched in Figure C.2, through a diode protection/current monitor circuit. This circuit is
Optical Power Meter
Figure C.2: Pulsed broad area laser test setup. A broad probe tip contacts
the stripe (diode p-contact) of the laser. The n-type connection is made
through the stage. A power meter is used to collect the emission.
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diagrammed in Figure C.3. A reverse biased diode prevents the Avtec from applying a
Form AvtU
Pulse Genel
-I
Figure C.3: Circuit used to protect laser diode from reverse bias
and to monitor its terminal current.
negative bias across the laser. A 30 Q resistor is used to damp out ringing, and a 1 9 resis-
tor is used to monitor the current. The voltage across this resistor and the output of a
Coherent model 212 power meter, placed in front of the laser, are fed into a boxcar inte-
grator which samples them in synch with the trigger pulses and averages over many sam-
ples to reduce noise. The DC value generated by the boxcar integrator is then digitized and
read into the computer.
Calculation of internal quantum efficiency of broad area lasers characterized by this
setup were found to be inconsistent with measured threshold current densities. The dis-
crepancy indicates that the optical power is being underestimated by a factor of 2 to 3.
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Appendix D
Vitesse Semiconductor HGaAs3 E/D MESFET Process
The Vitesse HGaAs3 E/D MESFET process produces self-aligned enhancement and
depletion mode metal-semiconductor field effect transistors (MESFETs) and multiple lev-
els of electrical interconnects. In addition, Schottky barrier diodes and metal-semiconduc-
tor-metal (MSM) photodetectors may be created using the standard gate metallization.
The thirty-eight step, thirteen mask process flow is briefly described here, following
the Vitesse Foundry Design Guide [95]. The tables and figure are taken from Braun, et.
al., [17]. The process uses four inch undoped GaAs substrates. Table D.1 lists the steps,
which are diagrammed (up to the first layer of metallization) in Figure D.1, and described
below.
Step 1, 2: The substrate wafer is cleaned and capped with a field oxide which is pat-
terned to define the device active areas.
Step 3, 4, 5: Silicon is ion implanted to form the MESFET channels. The dose is con-
trolled to produce the correct threshold voltage for enhancement-mode transistors. The
active areas of the depletion-mode devices are then lithographically patterned and addi-
tional silicon ions are implant to lower the threshold voltage.
Step 6, 7: The tungsten nitride refractory gate metal is deposited by reactively ion
sputtering tungsten in a nitrogen ambient. Wl_xNx with x=0.1-0.2 is produced. The gate
metal is then patterned using standard lithographic techniques.
Step 8: A light implant, referred to as the LDD implant, is applied to reduce the series
resistance from the source and drain to the channel.
Step Process
1 Field Oxide deposition
2 Mask 1, active area definition
3 Enhancement device implant
4 Mask 2, depletion implant definition
5 Depletion device implant
6 Gate metal deposition
7 Mask 3, gate metal definition
8 LDD implant
9 Spacer oxide deposition
10 Anisotropic spacer etch
11 Source and drain implant
12 Oxide 0 deposition
13 Activation Anneal
14 Mask 4, ohmic contact metallization
15 Ohmic contact sintering
16 (Metal 1) Oxide 1 deposition
17 (Metal 1) Mask 5, via 1 definition
18 (Metal 1) Metal 1 deposition
19 (Metal 1) Mask 6, Metal 1 definition
20 (Metal 1) Metal 1 etch
21-25 (Metal 2) Repeat 16-20 for Metal 2
26-30 (Metal 3) Repeat 16-20 for Metal 3
31-35 (Metal 4) Repeat 16-20 for Metal 4
36 Passivation Dielectric deposition
37 Mask 13, passivation contact definition
38 Passivation dielectric etch
Table D.1: Vitesse HGaAs3 Fabrication Sequence [17]
Step 9, 10, 11: A spacer dielectric is deposited and patterned around the gates. A high
dose silicon ion implant is used to form the source and drain regions. The spacer dielectric
protects the channel region from this implant.
Step 12, 13: Layers of silicon nitride and silicon dioxide are deposited to cap the
implant regions. The implants are then activated by annealing for one hour at 800'C.
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(1) Field Oxide deposition
(300A Si3N4 , 3500A SiO 2)
(2) Active area definition
I F-
(6) Gate metal deposition
(3500A WNx)
(7) Gate metal definition
(9) Spacer oxide deposition (SiO 2)
(10) Anisotropic spacer etch
(11) Source and drain implant (Si)
(14) Ohmic contact metallization
(700A Ni-Ge, 1000 A WNx)
(15) Ohmic contact sintering
(550C, 30 minutes)
(18) Metal 1 deposition
(1500A WN x, 8000oA ACux, 1000 A WNx)
(19) Metal 1 interconnect definition
(20) Metal 1 etch
(3) Enhancement device implant (Si)
(4) Depletion implant definition
(5) Depletion device implant (Si)
(8) LDD implant (Si)
(12) Oxide 0 deposition
(375A Si 3N4 , 1600A Si0 2)
(13) Activation Anneal (800C, 1 hour)
(16) Oxide 1 Deposition
(3000A SiO 2)
(17) Via 1 definition
Figure D.1: HGaAs3 Process Flow Schematic through Metal 1 [17]
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Step 14, 15: Ohmic contacts are formed from Ni-Ge and capped with a tungsten-
nitride barrier layer. The contacts are sintered at 5500 C for 30 minutes.
Five steps (two mask layers) are required to form each layer of metal interconnection.
The following steps are repeated for each of the four "upper level" metal layers:
Step 16, 17: Silicon dioxide, which forms the intermetal dielectric, is deposited at
380TC. Vias are opened to contact the gate and ohmic metals.
Step 18, 19, 20: The upper level metal consists of an aluminum Al0.99Cu0.0 1 core
sandwiched between tungsten-nitride claddings (same material as the gates). The maxi-
mum temperature the chips are exposed to in this process is 2000C.
Step 36, 37,38: The process is completed by application and patterning of the passiva-
tion dielectric layer. After spin-on-glass (SOG) is hot plate cured at 2000 C, vias are etched
to the underlying metal 4 layer, exposing the bond pads.
Following steps 1-38, an additional mask step, referred to as the boundary step, is per-
formed to define saw openings in the dielectric stack to allow chips to be cut from the
wafer. This step was eliminated in later versions of the process, but can be inserted by spe-
cial request.
The composition and nominal thickness of each dielectric and metal layer is summa-
rized in Table D.2. For the three metal layer process used in previous designs, the total
dielectric/metallization stack thickness was around 3.7 gim. This sets the total thickness of
epitaxial material that must be grown in order to attain planarity after the polycrystalline
material is removed.
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Layer Composition Thickness Deposition Deposition
(Angstroms) Method Time/Temp.
Field oxide Si 3N4/SiO 2  200/3500 PECVD 20min/380 0 C
Oxide 0 Si 3N4/SiO 2  375/1600 PECVD 10min/380 0C
Gate Metal WN x  3500 RIS 10min/<100 0C
Ohmic Metal Ni-Ge/WN x  700/1000 RIS 5min/<1000C
Metal 1 WNx/AlCux/WNx 1500/8000/1000 RIS 10min/<2000 C
Oxide 1 SiO 2  3000 PECVD 15min/3800 C
Metal 2 WNx/AlCux/WNx 1000/12500/1000 RIS 15min/<2000C
Oxide 2 SiO 2  10000 PECVD 50min/380 0C
Metal 3 WNx/AlCux/WNx 1500/17000/1000 RIS 20min/<2000 C
Oxide 3 SiO 2  15000 PECVD 75min/3800C
Metal 4 WNx/AlCux 1500/17000 RIS 20min/<200 0C
Oxide 4 SiO 2  15000 PECVD 75min/380 0C
Passivation SOG 10000 SOG <lhour/2000C
Table D.2: HGaAs3 Dielectric and Metal Layer Deposition Characteristics [17]
PECVD: Plasma Enhanced Chemical Vapor Deposition
RIS: Reactive Ion Sputtering
SOG: Spin on Glass
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